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magnetic recording hard disk drive 
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Ternary Alloys 
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Figure 6. Air bearing surface view of a 5 micrometer track 
width MR head with combined pole/shield layer. Read gap- 
to-trailing pole dimension is 3 micrometers. 


Fig. 10. (a) Conceptual sketch of a shielded magnetoresistive head. 
(b) Close-up of the magnetoresistive sensor: A is the ferrite substrate. 
B is the initial SiO gap (2,000 A). Cis the permanent magnet bias 
layer containing 75 A Ti, 150 A Fe (then oxidized, 250 A Ni-Fe and 
75 A Ti. D is a spacer layer of SiOz (1,000 A). E is the magneto- 
resistive film (200 A). F is a SiOz gap (3,500 A). G is the perm- 
alloy shield, part of the write head [23]. (c) Shunt biased magneto- 
resistance sensor. Biasing is obtained by passing a portion of the 
excitation current through a conductive nonmagnetic layer in 
intimate contact with the magnetoresistance element. The element 


is offset in the gap so that the coupling with one shield is enhanced ) re 20 
[27]. - Hy “Hy +H) 
(b) 
Fig. 8. (a) The effect of demagnetization due to strip width on t VOLTAGE 


anisotropic magnetoresistance ratio. The solid curves are calculate 
The data for all stripe widths (3 to 100 wm) and film thickness (' 
or 200 A) fall within the error bars of the single set of data poin 
This is because the horizontal scale has been normalized using t 
demagnetizing field Hy = (tM)/(mow). This scaling differs by 
factor of twenty among different samples. (b) Magnetoresisti 
curve showing biased operating point P. The dashed curve sho: 
the ideal quadratic shape that would apply in the absence of dem: 
netizing effects. 
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2D.A. Thompson, et al., IEEE Trans. Mag 11, 1039 (1975), F.B. Shelledy, 
et al., IEE Trans. Mag. 28, 2283 (1992). 
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High Density Fabrication? 


TABLE | 
Lithography Comparisons - DRAM[4] vs Film Head[3] 
(volume production) 


YEAR Minimum Feature-DRAM Minimum Feature-Film Head 


1980 3.00um 64 Kbit 23.0um 12 Mbit/in? 
1984 1.50um 256 Kbit 16.0um 24 Mbit/in? 
1988 0.90um 1 Mbit 11.04m 50 Mbitin? 
1990 0.60um 4 Mbit 6.0um 150 Mbit/in? 
1993 0.50um 16 Mbit 4.0um 350 Mbit/in? 
1996 0.35 um 64 Mbit 3.0um 800 Mbit/in? 
199X 0.25um 256 Mbit 1.0um 5 Gbit/in® 
200X 0.18um 1 Gbit 0.7um 10 Gbit/in? 
(a) -expose reskt 
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Fig. 2. Process Sequence for Contiguous Junction Structures 
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Fig. 3. SEM Photomicrograph of Submicron Contiguous Junction 
Sensors 
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Fig. 4. Transfer Curve of Submicron, 0.5 um x 0.5 um, Contiguous 
Junction Sensors (horizontal scale 50 Oe/divison) 


°R.E. Fontana, Jr., et al., IEEE Trans. Mag. 32, 3440 (1996) 
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Fig. 3 MR responses of unshielded MR sensors (a) overlaid with a Ni-Mn 
film in tail regions and (b) abutted wath a Co-Pt-Cr film. Two examples 
are shown for cach MR sensor. 
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CoPt and CoPtCr for longitudinal bias 


High coercivity CoPtCr, CoPt films deposited at high power and high bias 
conditions for hard bias applications in magnetoresistive heads 


G. Choe, S. Funada, A. Tsoukatos, and S. Gupta 
Materials Research Corporation, Route 303. Orangeburg, New York 10962 


We report, for the first time, coercivity values greater than 2000 Oe with Mrt values of 3.0 2000 
memu/cm? for Cr/CoPt,,Cr,3 and Cr/CoPtyo bilayer films deposited by de magnetron sputtering at 

room temperature. CoPtCr films sputtered at a deposition rate of 98 A/s and high bias voltage (Oe) 
showed H, of 1965 Oe with Mr1 of 3 memu/cm’, while CoPt films sputtered at 99 A/s and moderate 


2500 


substrate bias showed H,. of 2350 Oe with Mrt of 3 memu/cm*, X-ray diffraction studies indicated 1500 

that Co(10.0) and (11.0) texture leading to in-plane orientation of c axis are promoted in the films Mrt ~3 memu/cem 2 
Sputtered at high deposition rate and bias conditions. Furthermore, the grain-to-grain epitaxy Substrate bias = -100 V 
between the Cr underlayer and the Co alloy layer as well as the dense Co grains growing in a 1000 

columnar shape without voids resulted in higher H, and Mri without degradation of coercive 0 50 100 150 200 


squareness. Plots of H. vs Mrt for films deposited under the optimum bias conditions offer a wide 


Deposition Rate (A/sec) 


range of useful H, and Mri combinations for hard bias applications in magnetoresistive heads. 


© 1997 American Institute of Physics. [SQ021-8979(97)16008-X] 
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FIG. 2. Variation of H., S, and S* for CoPt,Cr,; films sputtered at varying 
substrate bias (deposition rate at 0 V bias=140 A/s). 
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FIG. 3. Variation of H., S, and S* for CoPty9 films sputtered at varying 
Substrate bias (deposition rate at 0 V bias=108 AJs). 


J. Appl. Phys., Vol. 81, No. 8, 15 April 1997 
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FIG. 1. Variation of H., S, and §* for CoPt).Crj3 films sputtered at varying 
deposition rate (substrate bias=—100 V). 
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FIG. 4. H, vs Mri for CoPt,,Cr,, and CoPty films sputtered at —400 V 
bias 


FIG. 5. Cross-sectional TEM view of CoPt,2Crj3 films sputtered at 127 A/s, 
—400 V bias onto a Cr underlayer: (a) bright field image and (b) dark field 
image. 
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Role of atomic mass of underlayer material in the transition noise 
of longitudinal media (abstract) 


Tadashi Yogi,” Thao Nguyen,” Steven E. Lambert,” 
Grace L. Gorman, Michael A. Kakalec,”) and Gil Castillo 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 
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Figure 2. Normalized media transition noise as a function of linear density for Cr, Mo 
and W underlayers for 6 mTorr sputtering pressure. Cr data from Ref. 5 and W data 


0 > 10 15 20 25 from Ref. 6. , 


0.06 


N,.(2000 fe/mm)/Spo 


Py, (mTorr) 


o the base-to-peak 


’ +: ormalized t 
Figure 3. Media transition noise at 2000 fc/mm n Cr, Mo and W 


isolated pulse amplitude as a function of sputtering pressure for 
underlayers of 100 nm in thickness. Cr data from Ref. 5. 
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FIG. 8. Change of local resistivity for overlay MR head. 
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FIG. 7. Biasing state of overlay MR sensor. The vertical lines represent the lead/hard-bias contact locations. 
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FIG. 6. Biasing state of contiguous junction MR sensor. 
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°S. Yuan, et. al, IEEE Trans. Mag. 32, 3461 (1996) 
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FIG. |. ABS schematic view of ¢ Gus! clement rené-write head. 


materials requirements for magnetic 
recording heads 


Table !: Materials Requirements for Magnetic Recording Heads. 


Property Reason 
Large saturation magnetization Large gap field 
Easier fabrication process 
High permeability at all frequencies High efficiency over wide 
frequency range 
Small coercivity with low hysteresis Low thermal noise 
losses 
Small but nonzero uniaxial anisotropy Control of domain structure and 
permeability at high frequency 
Low magnetostriction (negative A,) Low media contact noise and 
| anisotropy contol 
High resistivity Minimize eddy current losses 
and improve high frequency 
permeability 
Wear resistant Long life 
Corrosion resistant Long life 
Good thermal and time stability Reliability 
Low forming effect Easy and reliable manufacturing © 
| process 


87 Jagielinski, Materials Research Society Bulletin 15, 36 (1990). 
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Magnetization (emu/cm**3) 


M-H loop definitions 
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magnetization 


@ magnetic moment quantized: wep = eh/2mc = 0.92 x 
107°" erg/G 

@ orbital contribution quenched by crystal field: electron spin 
dominates. 


@ example: generalized Slater Pauling curve: 


3.0 
Oo Ff 
FIG. 1 Generalized Slater-Pauling curve. Magnetization g ‘ , 
per alloy atom versus average magnetic valence. ica (ae pe 1 
Magnetic valence (Z,,=2N,—Z) is an integer for 6 x ie 
each column of the periodic table; it is the nega- 3 . . 
tive of the valence charge Z, except for the Fe, é 2.0 . 
Co and Ni columns, for which 2Nj = 10 gives ‘ 
Zi, = 2,1 and O respectively. The 45° line cor- & ° 
responds to a fixed number (0.3) of sp up-spin < iSF ¢ 
electrons. The experimental data were taken p : 
from Refs. 2 and 8. ag : 
: 1.0 rN 
O 6 
j 
8 os 
total moment p = (n+ + n\)pB < 
valence N = nj + ny Pr ae es 
-1.0 0.5 0.0 0.6 1.0 1.5 2.0 
= : AVERAGE MAGNETIC VALENCE 
band structure n) = mq) + Msn 


for Ni, Fe, Co: ngt © 5, Ngnt © 0.3 

SO 

= (2(2ngq + Nept) — N) wp = (10.6 — N) yp 

(Fe:Z=8, w=2.6p (2.22 meas) (Co:Z=9, w=1.6p p(1.72) (Ni:Z=10, p=0.6u (0.60) 
2A.R. Williams, et al., IEEE Trans. Magn. MAG-19 (1993) 
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vibrating sample magnetometer 


VSM? 


~ 1 Sec 


emu for T 


sensitivity ~ 2 x 107° 
or aboutl ML x 1cm’ of Fe 


548 (1959). 


35, Foner, Rev. Sci. Instrum. 30, 
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alternating gradient magnetometer 


AGM! <a 
| A, ay 
Zz 
(c) 
, (d) 
CLAMP SIG 
ELECTRODES ir 
BIMORPH 
A; 
GRADIENT 
EXTENSION COILS 
AC FIELD 
GRADIENT 


SAMPLE 
Osc 


FIG. 1. Configuration of the magnetizing and gradient fields (a) and (b); 
the bimorph, extension, and sample (c); and the overall system (d). 


sensitivity ~ 1x 107° emu fort & 1 sec 
or about 0.1 ML x 0.1 cm? of Fe 


*P.J. Flanders, J. Appl. Phys. 63, 3940 (1988). 
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FeN 


Giant magnetic moment and other magnetic properties of epitaxially 
grown Fe,.N, single-crystal films (invited) 


Y. Sugita,” K. Mitsuoka, M. Komuro, H. Hoshlya, Y. Kozono and M. Hanaz 
Hitachi Research Laboratory, Hitachi, Limited, 4026 Kuji-cho, Hitachi, Ibaraki 319-12 pa 


5981 J. Appl. Phys., Vol. 70, No. 10, 15 November 1991 


Nitrogen concentration (at.%) 


FIG. pa ahs of Fe atoms and their magnetic moments of FIG. 6. B, as a function of N concentration in the epitaxially grown 
Fe; uma. Fe,,N,(001) film on InGaAs(00!). 
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E ; a : We 3.542/Fe atom 
§ . 
£2 
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iS Eat 
(a) oy 
O | ce-2gstcwrt. Ne o¢ -268'C~ rt. 
<1 S 44 rt.~300T ’ a4 £.t.~ 300° 
ey Foe re~400 of rt~400T 
3 easy axis. es ¢t.~440'°C 
Af : iE at oes ast 
fe (100) C490) op ue ng (710) We Om 0 0400 
bes a 
& (a) 
‘S 
o% 
ec FIG. 8. (a) Temperature dependence of B, for Fe,,N2(001) film grown 


(b) on InGaAs(001). (b) Fitted curve by Langevin function. Open and close 
marks show B, with increasing and decreasing temperature, respectively, 


FIG. 10. Torque curves for (2) Fe,N,(110) (1000 A) film grown on 
Fe(001) (100 A)/InGaAs(001) (Ref. 10) and (b) Fe,,.N,(001) (300 
A) film grown on InGaAs(001). 
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0.02 


Moment (emu) 
© 
S 


FeN 


“10 -6§  -2 2 6, 10 
Fleld (08) x10 


Epitaxial Fe,6N. films grown by sputtering FIG. 3. Magnetization curve from sample with the epitaxial martensite 
C. Ortiz phases (Fig. 1(a)}. 
IBM Research Division, Almaden Research Center, San Jose, California 95120 
G. Dumpich 
Exp. Tieftemperaturphysik, Bieter University, D-47048 Duisburg, Germany 
A. H. Morrish 
Department of Physics, University of Manitoba, Winnipeg, Manitoba, Canada R3T2N2 
(Received 13 July 1994; accepted for publication 21 September 1994) 


We have been able to obtain a”-Fe,,N, films using an underlayer template to induce the epitaxial 
growth of this metastable phase. They are epitaxial in the (001) direction and show single 
crystallinity in plane. Furthermore, they are deposited by simple reactive nitrogen sputtering. They 
have an average magnetic moment of 250 emu/g, considerably larger than the moment (217 emu/g) 
for pure bec iron. Conversion electron Mossbauer spectroscopy gives three hyperfine fields 
corresponding to three different iron sites, as expected for this structure. © 1994 American Institute 


of Physics. 
K. H. JACK 
-2 
PROC. R. SOC. LONDON A 208, 216 (1951) 10 
— $ 
= 
5 2 
800 wAusre wit £ 
Y+e ae 21075 
700F a Y¥te Bs = 
ZZ Sa; ae . 
te ee ? aa { 
600 ‘oe Jou § 0 100 200 300 400 
s) : s Z | ¢ (dearees) 
= h  b.E.c. Z 
e H Up oot : a 
= 500} Y! Z — = : FIG. 2. X-ray ¢ scan of the same sample as shown in Fig. 1(a). 
5 at’ Sr. Y = 
5 Fey Y Y+e a p C 2738 Appl. Phys. Lett., Vol. 65, No. 21, 21 November 1994 
A orthorh 
g ee Z TABLE I. Mossbauer parameters for the a” Fe,.N,. Here, 6 is the isomer 
MARTENS IT ES Y y shift with respect to a-Fe, ¢ is the quadrupole splitting, H,, is the hyperfine 
Y ees Y 
tS Y y field, and S is the relative area for the three patterns. 
300 } i a ares SS 
| : 6 mm/ Hy, (kOe S (%) 
see ! | sas a Fe I 0.02 —0.28 289 16.7 
5 15 25 35 4% Fe I 0.12 0.11 313 38.4 
Upper scale: weight % Nitrogen Fe Ill 0.11 —0.13 


. 397 He pe 
Lower scale: Nitrogen atoms per 100 Iron Atorms 7 
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crystalline anisotropy 


origin: spin-orbit coupling (LZ - S) 
depends on crystal symmetry: cubic, uniaxial, hexagonal, .. 8 


Ni 


M (emu/cm?) 


0 200 400 600 800 1000 
71 (Ov) 
Co a 
Ba (0001] 
1200 {7 
i 
1000 F 
ey 1 ~Q> 
| fo 
5 800 F 7 we 
) 
E600 f 
=. 
400 3 


0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 


H (Oc) 


© ken from B.D. Cullity, Introduction to Magnetic Materials, Addison-Wesley, Reading 
MA, (1972). 
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torque magnetometry: apparatus 


TM? 


gga 


Dc Co 


bee 


Bruce A. Gurney 


torque magnetometry: curves 


E = —MHcos(a—6)+ Ki,sin°6+--- 
=> L = -d0E/080 
= MH sin(a —@) — Ki,sin 26+4+--- 


0 45° 90° 135° 180° 


aoe Z ae 
e anisotropy from 5 Oe (NiFe) to 2 x 10* Oe 
@® magnetic moment 


@ rotational hysteresis 
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effect of topography on FeN and FeN/AIN 
magnetic properties 


Easy Axis 


Effects of lamination on soft magnetic properties of FeN films 
on sloping surfaces 


Kyusik Sin, Chuei-Tang Wang, Shan X. Wang, and Bruce M. Clemens 

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 

We have found that the soft magnetic properties of FeN/AIN laminated films do not degrade on 
sloping surfaces. The easy axis coercivities of FeN/AIN multilayer films are approximately 1.5 Oc 
and have little variation with slope angle, a. The anisotropy fields slightly vary from 13 to 17 Oc 
when the slope angles (a) change from 0° to 60°. In contrast, single layer FeN films show a 
significant degradation of soft magnetic properties with the slope angle. Residual stress does not re 


have a significant correlation with magnetic praperties. The large coercivities and saturation fields Hard Axis 
in the single layer FeN films can be ascribed to a change in the (110) texture of the films. © /997 1250 A 
American Institute of Physics. [S0021-8979(97)9 1208-1] 2500 A 
oS 5000 A 
Saturation 


4508 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997 ics 


FIG. }. Dependence of hysteresis loop on the thickness of single layer FeN 
films on sloping surfaces. Slope angle (a) is 45°. 
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FIG. 2. Dependence of (a) coercivity and (b) saturation field on slope angle 


(a) for single layer and mululayer films. Multilayer (625 A FeN/30 A AIN) PIG) 3. (a) Average atom flux direction and {b) stress of single layer and 
multilayer films. The total thickness of the films is approximately 5000 A. 


XS. 
Multilayer: (625 A FeN/30 A AIN)X8. 
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Effects of Nitrogen Content on the Microstructure 
and Magnetic Properties of FeTaN Films 


Jiang-Ching Lin, Lib-Juann Chen 
Department of Materials Science and Engineering, National Tsing Hua University, Taiwan, ROC 


—O— permeability 


Cs “yas coercivity 


8 


Nitroogen flow rate : 12 scem 
Substrate temperature: 473K 


8 8 


10 12 «14 16 
Nitrogen flow ratio, RN.) (%) 


Fig.1 Soft magnetic properties as a function of nitrogen flow ratio of the FeTaN 
films post annealed at 475 °C 
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Fig. 4 Magnetostriction and coercive force versus annealing tempera- 


ture at N, 12 scem and at 473K. FeSiN Films for a Narrow Track Head 


M. Kadono, T. Yamamoto, M. Michijima, M. Kyoho, T. Matsuda, T. Muramatsu | 
Precision Technology Development Center, Production Technology Development Group, Sharp Corporation 
2613-1, Ichinomoto, Tenri, Nara 632, Japan | 
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ELECTROCHEMICAL CORROSION STUDY OF HIGH MOMENT THIN 8 -7 6 “5 4 -3 
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0.5M NaCl at pH 6. 
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FeN/Al2O3 head 


Magnetic and structural characterization of sputtered FeN 
multilayer films 


Michacl A. Russak, Christopher V. Jahnes, Erik Klokholm, Jo-Won Lec, Mark E. Re 
and Bucknell C. Webb 


IBA Research Division, TJ. Watsan Research Center, Yorktown leimht, NY lS9S, USeA Journal of Magnetism and Magnetic Materials 104-107 (1992) 1851-1854 


North-Holland 


15 cali . pee ee ee 
= 400A FeN a 
10 4 1500A FeN we : 
am = « 3500A FeN : | 
= rs je wee 
7 . ae 
= E ° 
st = ss 
e A ail 
rt 
Nitrogen Flow (sccm) 
Fig. |. 47M. and nitrogen content determined by RBS, elec- Nitrogen Flow (sccm) 


tron microprobe analysis and SIMS of ferromagnetic FeN 

films as a function of nitrogen flow rate in the sputtering 

chamber. Argon flow rate wus constant ut 75 sccm. Sputtering 
power was 16 W/cm? and V,, = — 100 V. 


Fig. 2. A. as a function of nitrogen flow in the sputtering 
chamber and film thickness for ferromagnetic FeN films. 
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Writing Performance of Narrow Gap Heads Made with Sputtered Laminated FeN Materials on 
3800 Oe Coercivity Media 


(Ben) H.L. Hu, L. Vo, and Thao Nguyen 
IBM Almaden Research Center, 650 Harry Road, San Jose, CA 95120 
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Fig.4. Overwrite (1000/1 fc/mm) as a function of write currents for 


Fig.3. Media saturation as a function of write currents for FeN and 
FeN and NiFe heads. 


NiFe heads. 
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X-ray Diffraction and Magnetic Properties of Rapid Thermal Annealed Sendust 
| Films. 


M.I. Ullah, K.R. Coffey, M.A. Parker and J. Kent Howard 
IBM - Storage System Division, San Jose, CA.95193 


sendust 


Magnetic RTA Conventional 
Parameters Anneal Anneal 
(500°C/10min) (500°C/18hrs) 
Easy-axis: : ia 
Br,/Bs, 0.81 . 
He, 0.22 Oe 0.24 Oe Fegs Sig Ale 
Hard-axis: Gea aes oe ee 
Br,/Bs, 0.50 0.43 
ae 0.14 Oe - 0.12 Oe RTA TEMPERATURE (°C) 
; (initial > 4000 > 4000 
ai Fig. 1. Effect of annealing temperatures on film coercivity 
Table 1. Comparison of soft magnetic parameters for RTA He and (Br/Bs) ratio for RTA sendust films. Annealing 
and conventionally annealed sendust films. (u, and y, lume kept constant at 10 minutes. 


measured at 10 [1z). 
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rig.5. SEM image of a cross section of RTA sendust film 
showing columnar grain morphology. BD oso 
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Vig.6. AT-M images showing, a) cross section of a RIA 
sendust film while 6) and c) compares the surface 
morphologies of long arincaled and rapid annealed sendust 
films, respectively. 
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lig.2 - SEM cross-sections of annealed 6 pm thick Sendust films 
on0.5 pm SiO? / Si substrates: 


a) colomnar structure and non-adherence of films grown in Thick and Stress-Free Sendust Films on Silicon for Recording Head Cores. 
(Ar+ 0.4 % No ) aunosphere. 


IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1904 


b) fine structure and adherence of films grown in eee DET (CEA Techeceopies Avancies) DMELCENG 3930 
(Ar + 1.5% N92) atm. 17 Rue des Martyrs 
38054 GRENOBE CEDEX 9 FRANCE 
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FeMO soft films 


High resistive nanocrystalline Fe-M-O (M=Hf, Zr, rare-earth metals) soft 
magnetic films for high-frequency applications (invited) 


Y. Hayakawa and A. Makino 
Central Research Laboratory, Alps Electric Co., Lid., 1-3-5 Higashi-Takami, Nagaoka 940, Japan 


H. Fujimori and A. Inoue 

Institute for Materials Research, Tohoku University, 2-]-] Katahira, Sendai 980-77, Japan 

Microstructure, soft magnetic properties, and applications of high resistive Fe-M-O (M=Hf, Zr, 
rare-earth metals) were studied. The Fe-M-O films are composed of bcc nanograins and amorphous 
phases with larger amounts of M and O elements which chemically combine each other. 
Consequently, the amorphous phases have high electrical resistivity. The compositional dependence 
of magnetic properties, electrical resistivity, and structure have been almost clarified. For example, 
the high magnetization of 1.3 T, high permeability of 1400 at 100 MHz and the high electrical 
resistivity of 4.1 4. m are simultaneously obtained for as-deposited Feg,Hf,,O27 nanostructured 
film fabricated by rf reactive sputtering in a static magnetic field. Furthermore, Co addition to 
Fe-M-O films improves the frequency characteristics mainly by the increase in the crystalline 
anisotropy of the nanograins. The Cou 3Fei9.)Hfi4sOn film exhibits the quality factor (Q 
= p'/y") of 61 and the x’ of 170 at 100 MHz as well as the high Is of 1.! T. This frequency 
characteristics is considered to be superior to the other films already reported. The films also exhibit 
high corrosion resistance in an isotonic sodium chloride solution. Therefore, these films enable us 
to realize the high-frequency magnetic devices, such as thin-film indt Lott 
sGereuw chine convener sand ulirshighvaenany secoraing beads © ear I. Magnetic properties, electrical resistivity (o), and film structure 

or as-deposited Fe-M-O films. 
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(as-deposited) compared with the other soft magnetic films have ever been 
reported. 
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Fe/Co and Fe/CoFe 


oe properties of ion-beam-sputtered Fe/Co and Fe/CoFe multilayer 
ilms 


Masakatsu Senda and Yasuhiro Nagai 
NTT Applied Electronics Laboratories, Musashina, Tokyo 180, Japan 


672 Aopl. Phys. Lett. §2 (8). 22 February 1988 


Pi. 2. Fe layer thickness dependence of coercivity. Circles represent & 2- 
nm-thick Co layer, and triangles represent a 0.5-nm-thick Co layer. 
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netostriction. The thickness of the Fe layer is 14 nm, and the thickness of the 
Co layer is 0.5 nm. The 14 nm Fe layer is located on the top surface. The 
magnetostriction 1s + 6x 10-7, and the film stress is compressive. 
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magnetostriction ()\) 


origin: spin orbit coupling (L ® S) 
definition: 
A = AL/L usually defined from the demagnetized state to a 
saturated state. 


oe 2.2 ae 2.9 
cubic:As = A100 + 3(A111 — A100) (@{aq + AQA3 + A304) 
Q@,; are direction cosines 


isotropic: = (3/2)Xo(cos*6 — 1) 


6 is angle from magnetization direction 
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cantilever measurement of A 


cantilever deflection’? can measure X < 107” fort < 300A 


3t;l? Ey(1 — Yi, ) 
t E,(1 + Vf) 


Calibration Lock-in 


A-Signal Lock-in 


REF Signal | 


Direct Measurement 


Bending Cantilever 
Sensor 


\ Sample 
21 


10 Tam and H. Schroeder, IEEE Trans. Magnetics MAG-25, 2629 (1989) 
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rise time of write head reversal 


Current dependence of the magnetization rise time in thin film heads 


M. R. Freeman, A. Y. Elezzabi, and J. A. H. Stotz 
Department of Physics, University of Alberta, Edmonton, Canada T6G 2J] 


Time-domain optical measurements of magnetization dynamics can now be performed with 
sufficient resolution to reveal the intrinsic speed of many structures relevant to magnetic recording. 
Here we describe the behavior of the magnetization rise time at the air-bearing surface of a thin film 
recording head, as a function of the amplitude of current pulses in the write coil. The spatial profile 
of the magnetization on both sides of the gap is also examined through time-resolved, current 
dependent measurements. Spatial resolution enhancement via a solid immersion lens allows domain 
features to be discerned in the data. © 1997 American Institute of Physics. 
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FIG. 4. “‘Spot’' measurements of the time-dependent magnetic response on 
P2 near the gap (close to the peak of the magnetization) for three different 
current levels on each of two different recording heads. (a) 0.5 ym gap 
permalloy head, counesy IBM Corp. (b) 0.25 um gap permalloy head, cour- 
tesy Hewlett Packard Co. 
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‘fastest’ switching time 


Following an instantaneous application of a 1 kOe field the 
magnetization precesses and rotates about H 


Estimate the time of reversal from Landau-Lifshitz eq. with 


M(t) = Mie 


then 
dM /dt~iwM =-yM x H~ -yMH 
SO 
w~ yH = 1.8 x 109 s7? 
Tw Qr/wr~ 0.4 n8 
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IEEE TRANSACTIONS ON MAGNETICS, VOL. 20. 


MAGNETICS AND MICROSTRUCTURE OF SPUTTERED Ni 


MULTILAYER FILMS 


Fex»/SiO 


Michael A. Russak, Christopher V. Jahnes, Mark E. Re, 
Bucknell C. Webb and S. Mohamaad Mirzamaani 
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/ZS/»| types of domain walls 


Domains reduce the total energy of magnetostatic fields. 


Bloch wall . 


Neel wall 
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domain wall width 
—————— 
pf femmes GG 


exchange energy in a wall: 


~2JS* cos¢ & 2J87¢° bx n/N 
EepN/a” & 20° JS*N/a’ ~ 7° A/éa 


ces 


7 


anisotropy energy In a wall: 


minimize the total energy to find equillibrium: 


K64+2n’A/aé 


Bs aw) 
0 xs K —2An*/ad 
3-6 &% nT /2A/ak 
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Micromagnetics of Laminated Permalloy Films 


JOHN C. SLONCZEWSKI, BOJAN PETEK, ano BERNELL E. ARGYLE 
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Fig. 6. Theoretical edge-curling wall width w4/2 versus luminated-him 
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Fig. 16. Two schemes for flux closure in daminaions ss TUNme aCe Gwenn: marae, 


ray 22) Photonucrogruph of Permatloy-tilim structure. (a) Single Permal- 
joy film with D = 3.2 pm. (bo) Similar structure in which yoke was lam- 
fated using wo films, with D = 1.6 wm. bP = 12 am, 
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spin valve vs AMR head 


MR and GMR/Spin Valve Head 
Characteristics 
Contact 
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AMR vs GMR 


MR Head Basics 
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GMR vs AMR in Ni-Fe-Co ternary alloys 


Comparison between giant magnetoresistance in Fe—Co-—Ni/Cu multilayers 
and anisotropic magnetoresistance in the ternary alloys 


T. Miyazaki, J. Kondo, and H. Kubota 


Department of Applied Physics, Faculty of Engineering, Tohoku University, Sendai 980-77, Japan 
J. Inoue . 


Department of Applied Physics, Nagoya University, Nagoya 464-0], Japan 
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5-Fe tet x) FIG. 6. Concentration dependence of the GMR ratio calculated by (taking 
account of the spin-dependent interface and bulk scattering as well as the 
spin-independent scattering. 
FIG. 1. Concentration dependence of the GMR ratio at the second peak at 
4.2 K in (15 A Fe-~Co-Ni/Cu)39 multilayers. 
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FIG. 2. Concentration dependence of the GMR ratio at the second peak at 
RT in (15 A Fe-Co-Ni/Cu)y multilayers. 


FIG. 4. Concentration dependence of the AMR ratio at RT in Fe-Co-Ni 
temary alloy films. 
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FIG. 3. Concentration dependence of the AMR ratio at 4.2 K in Fe-Co-Ni 
ternary alloy films. 


FIG. 5. Concentration dependence of the AMR ratio at RT in Fe-Co-Ni 
ternary alloy ribbons. 
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Exchange Anisotropy 


9 10 i the shift in magnetization loop of a ferromagnetic 


Exchange anisotropy 
layer In contact with an antiferromagnet: 
Ks 
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or in zero tela (dashed curve) after Nouvel). 


35 
Bits 1. Hysteresis loops at 77°K of axide-coated cobalt particles. 
‘lid line curve results from cooling the material in a 10( 
ersted held. The dashed line curve shows the loop when cooled in 


Zero field. 


9W.H. Meiklejohn, et al. Phys. Rev. 105, 904 (1957) 


10W H. Meiklejohn, J. Appl. Phys. 33, 1328 (1962) 
Bruce A. Gurney 
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exchange anisotropy systems 


A variety of systems exhibit exchange anisotropy, including 


couple structure Ks temp. | ref. || 
erg lem °K 


[Nife/FeMn | poly | 01 | 300 [6 | 
[ wirefa Pegs [po [008 [sno To] 
_NiFeMoJa—TbFe | poly/amorph | 025 | 300 | 7 | 
PNiO]Ni [single fats 300 

rs 


ConNi,_,0]NiFe 300 [10] 
-NiOCoO/NiFe | multilayer [01 | 300 | | 
NiMn[NiFe [poy | 0.25 | 30 | 12 | 


T cf. Ber ~ 8A/a” = 133 erg/em” for Fe. 


11RD. Hempstead et al., IEEE Trans. Magn. MAG-14, 521 (1978) 
2p Hellman, et. al. (1987) 

13a E. Berkowitz, et al. 1965 

14D Paccard et al., Phys. Stat. Solidi 16, 301 (1966) 

Loy. Carey et al., Appl. Phys. Lett. 60, 3060 (1992) 

104 J. Carey et al., J. Appl. Phys. 73, 6892 (1993) 

17+ Lin, et al., Appl. Phys. Lett. 65, 1183 (1994) 
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temperature dependence 


Typically a linear behavior is observed, very different from the expected 
sublattice magnetization+® 19 20 With He, ~ Oat ZT, < Ty. 
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Figure 1. B-H Loop of an Exchange-Biased Film < 
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Figure 2. Hy,(T) for the standard permalloy/FeMn film 


18C_ Tsang, et al., J. Appl. Phys. 53, 2605 (1982) 
19 Endoh, et al., J. Phys. Soc. Jpn. 30, 1614 (1971) 
207s. Speriosu, et al. IBM J. of Research and Deleopment 34, 884 (1990) 
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thickness dependence 


Typically exchange persists to thicknesses of a few nanometers, 
then drops to zero.*! 


500 Independent AF particles P 
KarVar ~ 25kgTg with Kae ~ (By(T/Tyy)] 


x oe es ee 
2 400 _ = —_—_———e 
E S$ 
‘d Finite-size scaling 
ot j 
E 300 : bulk 
aes fulted=Te 1 
einen Ne Re na OEE : 
3 | TAbulk tar 
Z 200 
ic, | 
8 i 
100 
°O 100 200  ~+—«-300 400 500 


FeMn Layer Thickness (A) 


2165p Parkin and V.S. Speriosu, 'Magnetic Properties of Low Dimensional Systems II, 
Springer Proceedings in Physics vol. 50, L.M. Falicov, Ed. Springer-Verlag, Berlin (1990) 
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models of exchange anisotropy | 


Formation of a domain wall i» the antiferromagnet parallel to 
the interface.*7 

energy wall energy inter face energy 

7 eeetieennate a nn. 

ce 2V/ AK(1 — cos a) + Aj2/€ [1 — cos(a — f)| 
+ K stcos”p + HMt(1 — cos B) 
Sten pee ——— ee 
ferro anisotropy Zeeman energy 


-2JAK, Ajo/2EVAK > 1 


Bulk ar———el-t+|-—1—+| 


FIG. 1. Magnetic model for the interface of a thin ferromagnetic film on a 
thick antiferromagnetic substrate. The uniaxial anisotropy of the antiferro- 
magnet is along thez axis. The figure depicts a situation in which an external 

-magnetic field is applied opposite to z and in which the exchange coupling 
across the interface with thickness € is positive. The spins of only one sublat- 
tice of the antiferromagnet are shown. 


22F) Mauri, et al. J. Appl. Phys. 62, 3047 (1987) 
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CE Ml 


interdiffusion at the interface 


Annealed FeMn/NiFe couples show increased exchange 


and a blocking temperature above the Neel temperature of bulk 


FeMn due to the formation of a NzFeMn alloy at the 
23 


interface. 
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FIG. 1. Temperature dependence of the exchange-bias field, Hy,(7). (a) 
Typical B-H loop for NiFe/FeMn. (b) As-deposited NiFe/FeMn films. 
(c) NiFe/FeMn film annealed at 245 °C for seven cycles and 260 °C for 
five cycles. (d) NiFe/FeMn film annealed at 245 °C for seven cycles and 
19 hours at 270 °C. (e) NiFe/FeMn film annealed 40 hours at 270°C. (f) 
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FIG. 2. Crater edge depth profiles of FeMn/NiFe region of samples. Ni is 
shown by the solid lines, Fe by the dashed lines, and Mn by the dot... 
dashed lines. The crater edge depth profile data are normalized so the Nj 
signal in the NiFe is the same for all the films. Any differences in signals 
from Fe and Mn result because the data are recorded in N(E) (integral) 
mode, so slight spectrometer misalignment will change the magnitude of 
signal. (a) As deposited. (b) Annealed at 245°C for seven cycles. (c) 
Annealed at 245 °C for seven cycles and 260°C for five cycles. (d) Con- 
tinuously annealed at 270°C for 40 hours. 


23K, Toney, et al., J. Appl. Phys. 70 6228 (1991) 
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models of exchange anisotropy II 


Formation of domain walls in the antiferromagnet perpendicular 
24 


to the interface that arise from random averaging of steps. 


This model considers an interface whose exchange energy J; & 
f J isa fraction f of the exchange in the bulk J ~ A/a. Foran 
interfacial area L* with N = L*/a atoms the average random 
field energy per unit area Is 


Es —fJ/a’V/N = —fJ/aLb 


The averaging takes place over L about the length of a domain 


wall, ie, LD ~ w/A/K. Thus 
MtHez, = 2E & —2fVAK 


i.e. the domain wall energy. 


ep. Malozemoff, J. Appl. Phys. 63, 3874 (1988) 
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distribution of blocking temperatures in 
FeMn 


Net anisotropy energy isa convolution”? of the density of regions 
with a given blocking temperature p(T) with the temperature 
dependence of the energy density f(7'; 7): 


K,(T) / f(TTs) p(Tr) aT; 


Field Cooling Along Hard Direction 


S(T pS Trey) P (Trey) 


° 


IBM J. RES. DEVELOP. VOL. 34 NO. 6 NOVEMBER 1990 


LT J Trev) (Trev) (1078 /K) 


° 
re) 


291 Neel, Ann. Phys. 2, 61 (1968) 


0 100 = -200—(300'—i‘ C*«*S 
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independent ‘particles’ in FeMn 


Independent-particle model 


e Distribution of local blocking temperature, T,, 


e Net exchange anisotropy, K., is vector sum of 
local components: 


local k, K, = Ik, 
t [tt Ve 


Tl OO 
t 4 L, 


e Change easy direction Ad, by field cooling 


e If particles are rotating independenity, K, and 
Ady are uniquely related. | 


(VSS) 


Te deonaaiainent 
ee eee 
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independent ‘particles’ in FeMn 


test of independent ow picture in FeMn by field cooling 
in different directions 


nes 
for 


KIK° 
field cooling at (a) 150° and (b) 75° to the initial easy direction. 


Ag, (deg.) 


K IK° 
of exchange anisotropy versus the change in easy direction 


Comparison between measured (solid circles) and calculated | 


Ad, (deg.) 


26y) Ss. Speriosu et al., Technical Digest, Magnetic Recording Conference, 
IEEE (1990) 
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[jeere]] 
al 
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distribution of local anisotropy 


For a broad distribution of activation energies FE, kinetics yields 
a In(teme) dependence: 


Thal 
Ap = const. gerne ad 
yae aT 
Kk. 
MAL max Max s 
tA 
16 | 
eo 200 
y 50 
12 
é 8 
4 
. . O Sr ae Cea SE Oe ee a EC 
Results“! for FeMn at 300K indicate 001 001-01 1 10 100 


Time (hours) 


sige = yer = 2410™ 
7x10° << Ky" < 7x 10° 


cm 
erg/cm* 


2. Speriosu, private communication 
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Co,Ni,_-7O 


Exchange anisotropy in coupled films of Ni,,Fe,, with NiO and Co,Ni,_,O 


M. J. Carey and A. E. Berkowitz 

Department of Physics and Ceater for Magnetic ing Research, University of California San Ds 
La Jolla, California 92093-040! none cones a ala ‘ — 
(Received 15 July 1991; accepted for publication 29 March 1992) 


Shifted hysteresis loops were used to investigate exchange anisotropy in $00 A Co,Ni,_ ,0/300 
A Ni,,Fe,y polycrystalline bilayer couples. Bilayers of Ni,,Fe,, with NiO have a 
room-temperature exchange field, H,, of 30 Oc in the as-deposited state. A maximum in the 
exchange field at room temperature was observed near x = (0.4, indicating an optima! alloying of 
the properties of the high anisotropy CoO and the high Néel temperature NiO. The blocking 
temperatures of the exchange couples vary linearly with x , suggesting a linear dependence of the 
oxide Néel temperature with x. 
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FIG. 1. Exchange fickd, H,, as a function of temperature for 300 A FIG. 3. Blocking temperaiure, 7, as a function of the CoO concentration 
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FIG. 2. Room-temperature exchange Seld, H. for samples im the as- 

deposited and feld-cooled states and coercive force, H,, for samples in the 

ficld-cooled statc. Data are shown for Co,Ni,. ,O/Nig,Fe,e couples as a FIG. 4. Calculated dependence of the raom-lemperature exchange fcid 
function of x. on the CoO conceniration. Model discussed tn teat. 


3061 Apol. Phys. Lett, Vol. 60, No. 24, 15 June 1992 iM. J. Carey and A. E. Berkowsz 3061 
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Stress and NiO/NiFe 


Stress effects on exchange coupling field, coercivity, and uniaxial 
anisotropy field of NiO/NiFe bilayer thin film for spin valves 


De-Hua Han, Jian-Gang Zhu, Jack H. Judy, and John M. Sivertsen® 
The Center for Micromagnetics and Information Technologies (MINT), Department of Electrical 
Engineering, University of Minnesota, Minneapolis, Minnesota 55455 


The effects of uniaxial stress on the exchange coupling field, H,,, coercivity, H,, and uniaxial 
anisotropy field, Hy, in NiO/NiFe bilayers were experimentally studied. The NiO/NiFe bilayers 
were deposited onto a Si(100) wafer using radio frequency reactive sputtering. Samples of the 
bilayers were externally and constantly uniaxial stressed (either tensile or compressed) using a 
specially designed sample holder with a fixed radius of curvature. The hysteresis loops of the 
stressed NiO/NiFe bilayer samples were measured in situ along the easy and hard axes of the NiFe 
films using a vibrating sample magnetometer. The composition of the NiFe film in the NiO/NiFe 
bilayer was characterized as Nigg »Fe;9g using x-ray photoelectron spectroscopy. The H, and Hy of 
the bilayers were significantly affected by the stress, while the H,, was apparently not changed by 
the same stress. The large changes in the coercivity in the stressed NiO/NiFe bilayer were produced 
by the change of the effective uniaxial anisotropy field of the bilayer. We conclude that the control 
and reduction of both intrinsic and external stress are very important in the fabrication of spin-valve 
giant magnetoresonance heads and sensors. © /997 American Institute of Physics. 
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stress induced anisotropy 


Hy, = 3A0/M = 3A Ee, /M(1 + v). 
where o is stress, & is Young's modulus, ey is the bending strain, 
and v is Poisson's ratio.” 
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Improved exchange coupling between ferromagnetic Ni-Fe 
and antiferromagnetic Ni-Mn-based films 


Tsann Lin, Daniele Mauri, Norbert Staud, Ch 
and J. Kent Howard , Chemgye Hwang, 


IBM Storage Systems Division, San Jose, California 95193 


NiMin 


Appl. Phys. Lett. 65 (9), 29 August 1994 1185 
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FIG. 3. Hy, vs annealing cycles for 50.4 om thick Ni-Mn and 12.6-nom- 
thick Fe-Mn films deposited on 28.5-nm-thick Ni-Fe films. 
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FIG. 1. Easy- and hard-axis hysteresis loops of (a) Ni-Fe (28.5 nm)/Ni-Mao 


(25.2 nm) and (b) Ni-Fe (28.5 nm)/Fe-Mn (8.4 nm) films with 22.0-nm-thick 
Ta underlayers after five annealing cycles. 
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spin valve with IrMn in pinned layer 


Spin-valve giant magnetoresistive films with antiferromagnetic Ir-Mn layers 


Hiromi Niu Fuke, Kazuhiro Saito, Yuzo Kamiguchi, ‘<\oshi Iwasaki, and Masashi Sahashi 
Materials and Devices Research Laboratories; Research and Development Center, Toshiba Corporation, 
72, Horikawa-cho, Saiwai-ku, Kawasaki 210, Japan 


We succeeded in developing CoFe spin valves with an antiferromagnetic Ir-Mn film. Ir-Mn 
single-layer films and spin valves of Ta(5 nm)/r-Mn(8 or 9 nm)/CogoFe,o(x_ nm)/Cu(3 nm)/ 
CogoFejo(3 nm)/NiFe(2 nm)/CoZrNb(10 nm)V/ (x = 2, 2.3, 2.6 nm), prepared by the sputtering 
method, showed the crystal structure of a fcc (111) preferred orientation. As-deposited CoFe spin 
valves with Ir-Mn exhibited an interfacial exchange coupling energy of J = 0.192 erg/cem? (H “i 
~ 640 Oe at toon. = 2 nm), that was the highest ever reported for as-deposited antiferromagnetic 
films, such as NiO, NiMn, and FeMn. Furthermore, CoFe spin valves with Ir-Mn exhibited a higher 
blocking temperature of 260 °C, and a higher MR ratio of 6.37% than the spin valves with FeMn 
film. After annealing, the MR ratio increased to 7.82%. On the other hand, the H,, decreased about 
100 Oc after annealing. The H,,-T curve was, however, improved and the H,, at 100 °C increased 
to 400 Oc. The decrease in H\,, was not observed after ‘second annealing and seems to be stabilized 
by first annealing. © 1997 American Institute of Physics. [S002 1-8979(97)68008-1] 
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FIG. 3. Magnetization curve of as-deposited Ta(S nm)/r-Mn(8 
nm)/CogoFe jo(2 nm)/Cu(3 nm)/CoggFe,9(3 nm)/NiFe(2 nm)/CoZrNb(10 nm) 
film on AlO,-coated Si(100) substrate. 
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nm)/CoggFe,9(3_ nm)/NiFe(2 nm)/CoZrNb(10 nm) films on AIO,-coated 
Si(100) substrates and for as-deposited Ta(S5 nm)/FeMn(15 nm)/Cog Fe, (2 


FIG. 5. Dependence of magnetoresistance (MR) ratio on pinned CoFe film nm)/Cu(3 nm)/CoggFe,9(3. nm)/NiFe(2) nm)/CoZrNb(10 nm) film on 


icknes - ed T /Ir- /CogoF ej 9(2 

sae erate peter pecane is sd ie AlO,-coated Si(100) substrate. H,, at room temperature of reannealed pn 

. valves with Ir-Mn film. A: As-deposited spin valve with Ir-Mn film, @: 

AlO,-coated Si(100) substrates. Annealed spin valve with Ir-Mn film, >: Reannealed spin valve with Ir-Mn 
film, &: As-deposited spin valve with Fe-Mn film. 
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Orientational dependence of the exchange biasing in molecular-beam- 
epitaxy-grown Nig9Fezo/FespMnso bilayers (invited) 


a. 


R. Jungblut, R. Coehoorn, M. T. Johnson, J. aan de Stegge, and A. Reinders 
Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands 


crystallographic effects 
[~ {010} 
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6662 J. Appl. Phys., Vol. 75, No. 10, 15 May 1994 
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FIG. 1. Spin structure in the (111) model for the different orientations. 
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Giant Magnetoresistance 


@ a little history 

e GMR structures 

GMR and interlayer coupling 

models of GMR 

mean free paths and interfacial scattering 


distribution of current 


heads, field sensors, and memories 
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VOLUME 61, NUMBER 21 PHYSICAL REVIEW LETTERS 21 NOVEMBER 1988 


2472, Giant Magnetoresistance of (001) Fe/(@01)Cr Magnetic Superiattices 


M. N. Baibich,“) J. M. Broto, A. Fert, F. Nguyea Vaa Dau, aad F. Petroff 
Laboratoire de Physique des Solides, Université Paris-Sud, F-91405 Orsay, Frence 


Fe/Cr multilayers 


First reports of a new magnetoresistance phenomenon in layered structures showed 


We have studied the magnetoresistance of (001)Fe/(O01)Cr superlattices prepared by molecular- 


substantial amplitude in high fields. beam epitaxy. A huge magnactoresistance is found in superlattices with thin Cr layers: For exampic, 
with t¢, @9 A, at T 4.2 K, the resistivity is lowered by almost a factor of 2 in a magnetic Geld of 2 T. 
We ascribe this giant magnetoresistance to spin-depenadcat transmission of the conduction clectroas be- 
tween Fe layers through Cr layers. — 
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FIG. 3 Magnetoresistance of three Fe/Cr superiattices at 4.2 K. The current aad the applied field are along the same [110] axis 
in the plane of the layers. 
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an expanding field 


Publications on Giant Magnetoresistance and Spin Valves 
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(a) Short circuit by4 electrons (b) Both species of electrons 
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spin valves 


SPIN-VALVE EFFECT 
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NiFe 40A 
Cu 22A 
NiFe 62A 
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some spin valves investigated at IBM 
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some other spin valves investigated 


NiFeCo/Cu/NiFeCo | 
T approximate number 


t representative 
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multilayers 


Giant magnetoresistance in antiferromagnetic Co/Cu muitilayers | 
S. S. P. Parkin 
IBM Resserch Disision, Almaden Research Center, 650 Horry Read, San Jose; California 95120-6099 
Z. G. Li and David J. Smith 
Center for Solid State Science, Arizona Siete University, Tempe, Arizona 85200 


(Received 20 February 1991; accepted for publication 22 March 1991) 


We report giant values of saturation magnetoresistance im sputtered antiferromagnetic Ca/Ce 
multilayers containing thin Co and Cu layers 8-10 A thick. We discuss the key 

importance of the buffer layer in controlling the growth of flat Co and Cu layers. As shown 
by cross-section transmission electron microscopy high-quality structures are found for 
growth on Fe buffer layers. Such structures display saturation magnetoresistance at 300 K of 
more than 65% with saturation fields of a 10 kOe. These values are several times 

larger than previously found for any magnetic material at room temperature. 


2710 Appl. Phys. Lett. $8 (23). 10 June 1901 0003-805 1/81/2327 10-04$02.00 @© 1901 American instante of Pysics 
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heterogeneous alloys 


VOLUME 68, NUMBER 25 PHYSICAL REVIEW LETTERS 22 JUNE 1992 
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Giant Magnetoresistamce ia Heterogeneous Cu-Co Alloys 


A. E. Berkowitz,“ J, R. Mitchell, “*O) ba. J, Carey,4*@ A. P, Young,“!*@ S. Zhang, ©? 
F. E. Spada,” F, T. Parker,” A. Huttea,“ and G. Thomas“ 

“Department of Physics, Unloersity of Callfornla at San Diego, La Jolla, California 92093 
Center for Magnetic Recording Research, Unloersity of Callforala at San Diego, La Jolla, California 92093 
Department of Physics, New York University, 4 Washington Place, New York, New York 10003 
“Department of Materials Science and Mineral Engineering and National Center for Electron Microscopy. 
Lawrence Berkeley Laboratory, Unloersity ef Callforala at Berkeley, Berkeley, California 94720 

(Reccived 20 February 1992) ‘ 

We have observed giant magnetoresistance ia heterogencous thia film Cu-Co alloys coasisling of 
ultrafine Co-rich precipitate particles ia a Cu-rich matrix. The magactoresistance scales inversely with 
the average particle diameter, This behavior is modeled by including spin-depcadeat scattering at the 
interfaces between the particles and the matrix, as well as the spia-dependcat scattering in the Co-rich 
particles. 
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FIG. 2. Field dependence of “Aplp = (pu, — px —2006)/ 
PH =2 Oe for the three types of curves obtained. Inset: Details 
of curve c. Curves a and 6 measured at T=100 K; curve c 
measured at 10 K. Sense current parallel to field. 
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Glant magnetoreslstance and microstructural characteristics of epitaxial 


Fe-Ag and Co-Ag granular thin films 
Thangaraj, C. Echer, and Kannan iM. Krishnan 
pba a arias Division, Lawrence Berkeley Leberetery, University of California, 
Berkeley, California 94720 


R. F.C. Farrow, R. F. Maris, and &. &. P, Parkin 
LBM Research Division, Almaden Rasserch Cantar, 650 Marry Reed, San Jess, Colifornia 95120-6099 
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Exchange coupling in magnetic heterostructures 


M. D. Stiles 


National Institute » of Standards and Technology, Gaithersburg, Maryland 20899 48 7238 


mechansim of coupling 
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FIG. 5. Quantum wells for exchange coupling. The top 
left (right) quantum well shows the potential seen by spin-yp 
(-down) electrons in a ferromagnetically aligned quantum-wd 
structure. The bottom left (right) quantum well shows th 
potential seen by spin-up (-down) electrons in an antifer 


magnetically aligned quantum-well structure. 
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FIG. 6. Integration over parallel momentum. The inte 
grand (20 thin lines) and result (heavy line) in Eq. (8) illus- 
trate the cancellation of the the multiple oscillations in the 
integrand leaving only the oscillation due to the extrema. 
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FIG. 10. Extremal spanning vectors for fcc(100) interface. 
Slices though the Fermi surface (heavy lines) in the interlace 
adapted bulk Brillouin zone are shown for the noble metals 
and Al. Selected extremal spanning vectors (arrows) are 
beled by the period in nm that would arise from the coupling 
of these parts of the Fermi surface. 
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_ biquadratic coupling 


coupling exhibits” higher order terms: 


coupling biaxial brquadratic 
Jig = J,cos(@; — @2)+ Jycos” (6, — 62) + 


AKG RESIE 16, 313-318 (1992) 
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Giant Magnetoresistance in (Co,Fe,_,/Cu), Multilayers 
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Y. Saito, S. Hashimoto, S.N. Okuno, K. Yusu and K. Inomata 
Toshiba Research and Development Center, /, Komukai Toshiba-cho, Saiwai-ku, Kawasaki 2]0 
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In-plane magnetization versus field at 


Figs 33 


room temperature for the samples (1) and (2) in 


Fig. 2, Magnetic field was applied to (a) the 
easy axis and (b) the hard axis of the films. 


FAITH MASSE Vol. 16, No. 2, 1992 


Fig. 4 Resistance versus magnetic field curves 
at room temperature for the samples (1) and (2) 
in Fig. 2. Magnetic field was applied to (a) the 
easy axis and (b) the hard axis of the films. 
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a modeling see J. Slonczewski, J. Appl. Phys. 73, 5957 (1993). 
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PHYSICAL REVIEW B 


VOLUME 44, NUMBER 10 1 SEPTEMBER 1991-II 


Nonoscillatory magnetoresistance in Co/Cu/Co layered structures with oscillatory coupling 


58 : . 
3 V. S. Speriosu, B. Dieny,* P. Humbert,’ B. A. Gurney, and H. Lefakis 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 
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Fig. 1. Magnetoresistance of bottom and top spin valves as a function of Cu 
spacer layer thickness. Data series connected by lines were collected from 
samples from the same graded Cu thickness deposition. 
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FIG. 4. (a) Coupling field and (b) magnetoresistance vs Cu- 
layer thickness. The two sets of points correspond to different 
underlayer thicknesses, giving different shunting. Oscillations in 
coupling are observed, but the slow, monotonic decrease of mag- 
netoresistance demonstrates that the two phenomena are not 
fundamentally linked. 
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Fig. 2. Dependence of interlayer coupling field in bottom spin valves on Cu 
spacer thickness. Data series connected by lines were collected from samples 
from the same graded Cu thickness deposition. 
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- Magnetoresistance of Symmetric Spin Valve Structures 


Thomas C. Anthony and James A. Brug 
Hewlett-Packard Laboratories, 1501 Page Mill Road, Palo Alto, CA 94304 
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electrical conductivity in metals 


ELECTRICAL CONDUCTIVITY IN A METAL 
@ One Electron Model 


mean free path 
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(e.g. 200A In Cu) 


t = thickness 


G=ot (condctance) 
R=1/G  (redstance) 


@ Parabolic Band Model (Including electron spin) 
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spin dependent impurity scattering 


SPIN DEPENDENT SCATTERING 
IN DILUTE ALLOYS 


@Campbell and Fert, Ferromagnetic Mater. 3, 747 (1982) 


Cr Fe 


From binary and ternary alloys were able 
to obatin the contribution to resistivity, 


p and op per X of impurity 


e.g. 4 

v p Q 
Cr in Fe 2.8 12.5 .16 
Ni In Fe 2.4 12 2 


@ Whot about spin dependent MEAN FREE PATHS? 
@ WHat about spin dependent scattering In PURE ELEMENTS? 


@ What about spin dependent scattering In CONCENTRATED 
ALLOYS? 
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shared electrons lead to GMR 
Spin Valve Magnetoresistance 


Electrons shared by ferromagnetic layers across a 
non-magnetic conducting layer. 


Spin valve magnetoresistance depends on the distance of 
penetration before scattering of spin-up and spin-down 
electrons emanating from one ferromagnetic ayer into the 
other ferromagnetic layer. 


+he question: “how many go “how fav” 


anti-~parallel 


parallel 
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GMR models 


e spin dependent interface scattering 
basics: essentiall phenomenological, a spin dependent transmission/reflection 
coefficient is ascribed to each interface. Can include spin dependent bulk 
mean free paths. 
limitations: no bands, no potentials 
erample: Barnas, et al., Phys. Rev. B 42, 8110 (1990) 


e random potential scattering 
basics: due to intermixing the potential barrier seen by electrons at the 
interface is random leading to scartering that is spin dependent just like 
the potentials. 
limitations does not include bulk scattering 
erample: H. Itoh, et al. Phys. Rev. B 47, 5809 (1993). 


e Kubo formalism 
basisc: quantum statistical solution of the linear response to electrons 
whose energies are given by a model Hamiltonian that includes potentials 
and spin dependent scattering. 
limitations: does not include band structure. 
examples: P. Levy, Solid State Physics. 


e (semi-)classical transport 
basics:relaxation time approximation (i.e. spin dependent local mean free 
path) withing each of the layers to solve Boltzmann eq. .- 
limitations: includes no quantum effects , bands, or potentials. 
eramples: R. Hood et al, Phys. Rev. B 46, 8287 (1992); B. Dieny, 
Europhys. Lett. 17, 261 (1992); A. Barthelemy et al., Phys. Rev. B 43, 
13124 (1991). 


a. ea Lempninl 

eanciccennam emma 
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fundamental observable: AG 


Absolute Change in the SHEET CONDUCTANCE 
is the Fundamental Measure of Spin Valve MR 


Oo 60AR/R, AR, or AG? 


4 From the relaxation time Boltzmann equation 


o mv 
Oz tT Vy z Ov, 


Ag’ (v,, Z 
=> AG= Y fucte| Ae dz 
o=]| 


Ag°(z,v) , g°(zv) ee Sf (v) 


o AG is directly connected to the changes in the 
Fermi surface that results from the scattering 
leading to GMR 


o AR/R and AR are partially determined by the. 
scattering leading to GMR, but also include all 
other scattering 


Appl. Phys. Lett. 61, 2111 (1992). 
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AG in experiments 


The relative change in sheet resistance from antiparallel 
to parallel alignment of the magnetizations. . 


5 
Pe 2 
x 
— 3 
. AR _ AG 
Oo Z Rap Gp 
= 4 
0 

0.16 
= Gap = 1/Rap 
S 0.12 Gp = 1/Rp 
“0.08 

0.04 
25 0 
i AR 
< Ry Rep 
© 2 
x 
an 
© 
<] 

3/33 (BC) 


ou : 7 
Q 100 200 300 £400 
free layer thickness t (A) 
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0 100 200 300 
Temperature (K) 


0 100 200 300 
Temperature (K) 


© Si/(8O0A)Co/(25A)Cu/(S0A)NiFe/(90A)FeMn/(50A)Ta/CAP 


—=~ (a) CAP = (SOA)Ta 
= (b) CAP = (100A)Cu/(S0A)Ta 
oe (c) CAP = (300A)Cw/(SOA)Ta 
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classical model basics 
PATH INTEGRAL SOLUTION (relaxation time) 


CURRENT DENSITY oc LOCAL MEAN FREE PATH 


oe dk 
Pr)=-e 


ot —d al saci 2 
$s s ne S$ 
5 Vik g(r kK)=a E=E ee 
= 4n moVp == 
dk 
= —e 


4n° 


Vik og (r. k) where g‘(r. k) = g. + 5g” 


SPECIALIZE TO LAYERED GEOMETRY (path integral) 
ég°(r)= | 


oo 


P*(t, t') V e eE dt' where P° = probability unscattered 


0 
Of \v = df" | 
— — |VeeE >dv’ 
V, ( at “ca | 0") 
i 
0 
s, ne + i 
JU)HeE dp’ exp 
VeM* Br) 
C 
total current density total flux: 
at r 


probability that flux 
‘integrate over will arrive at r 
all 7‘ 


unscattered 
Almaden Research Center 
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1-D model 


An Example: 1 Dimension 


\reeneene peetanmnest \ 

(1 = t_ olan ? y, galt (2. 4) w, e — x/A5) 
ene Sa 
A_2 


C_ 4 


arriving at x from layer -2 
Add from all layers to obtain /*(x) 


s § 
j(x) = 4) 2 _ PA —x/1o) __ a (Lo - ia 


Ss. 
+ e! 7 XO A _ 1 + e_ sA_ 2 + e_ 4E_ oA_ 3 a = J 


s 
+ e! 7 (Co 7 OA, + e,A, + €,e0A3 ] 
| Conductance: | G} = [i(x) dx 


= 24j[L7 — Af] 4 AT] Aja + 


j j 
(Me j1| [edt Nort (Asies] fetes 
k= k = 0 
j='t j=l 
For a spin valve with two ferro layers (F1 and Fe): 


AG=26'=6G = 2e,,€,| Ary a Ary || Are ~ Ape 


product of number of electrons emanating from one layer 


 ccnnndliivasentinmnsonatiiamdlice Uiihaneandl 
_— — ee 1 qe 


times the distance they travel in the second, reduced by 
scattering in spacer (sp) and intermixed interfaces (x). 
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foie) per period 


oer period 


he 


GMR amplitude vs number of periods 


classical solution to transport shows how multilayers compare to 


spin valves for the same interface and bulk properties:” 
0.05 | Figure 5. Magnetoresistance (absolute change of 
0 0: | a: 8 sheet conductance AG per penod) versus thickness 


of the magnetic layer of a finite multilayer 
(Fig/xm 10 A/Ftg/m 10 A) for different values 
of the number of periods 1. 

ah =i4 A, ALI2 A, Ana = 205 A, TI = 
ae (only bulk spin-dependent scattenng). 


0 bio ee hoes Med. el Se hl Dea, “Fs 
0 100 200 300 


400 


a R/R (%) 


O 


Py 


2B Dieny, J. Phys. Condens. Matter 4, 8009 (1992), and B. Dieny, private commun. 


= 22272 Almaden Research Center Bruce A. Gurney 


spin dependendent scattering likely 
everywhere 


LOCATION OF SCATTERING IN LAYERED STRUCTURES 


MECHANISMS OF SPIN DEPENDENT SCATTERING 
V 
POTENTIAL 


S, Maekawa et al. 
e¢ PRB 47, 5809 (93 


P, Levy at al. 
JMMM 121, 357 (93) 
A. Fert at al. | 
| PRB 43, 13124 (91) 
INTERFACIAL 
IMPURITY 


B, Johnson at al, 
PRB 44, 9997 (91) 


B, Deny et al. 
Europhys. Let. 17, 


261 (92) 


mary 
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methods of probing scattering 


Probing The Nature and Location of Scattering 
Leading to GMR in Ni,Fe-, /Cu Spin Valves 


Structure Leads fo 


Co 


: Inorit i 
cu Ztee minor cori 


— —- } 


Fekkn | Ni, Fey. 
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interfaces of NiFe/Cu/NiFe 


Effect of annealing on the interfaces of giant-magnetoresistance 
spin-valve structures 


T. C. Huang, J.-P. Nozieres,® V. S. Speriosu, B. A. Gurney, and H. Lefakis 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 


TABLE II. Interfacial widths (A) of spin-valve samples. 


| see | 
| Pre—Annealed Annealing 
a ; Interface No. 240°C 320°C 360°C 

ee ape enoneranaeneranoniatntn nen ene eat rarer anne 
es Ta,0,/air 10.2 11.2 10.1 

a Ta/Ta,O, 6.1 7.1 8.7 

> | FeMn/Ta 10.1 11.0 11.5 

o> | NiFe/FeMn 7.1 9.7 14.7 

© Cu/NiFe 6.8 9.9 12.1 

— NiFe/Cu 6.7 9.3 11.6 

a Ta/NiFe 4.6 1.4 10.8 

! TaSi,/Ta 6.3 6.3 72 
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non-mangetic intermixing 


Non-Magnetic Layers in Ta/Ni,Fe, — ,/Cu 
Sandwiches 


O Some Ni and Fe atoms at the interface are 
—hon-magnetic at room temperature in sputtered 
Ta/Ni,Fe,_,/Cu sandwiches. 


O The lost moment, when expressed as a thickness L,, 
of Ni,Fe,_,, is in agreement with about half the width 
of the intermixed region determined by x-ray 
reflectance measurements on samples whose 
intermixed regions were increased by annealing, 
suggesting the origin of bn, is alloying (Appl. Phys. Lett. 
60, 1573 (1992), Appl. Phys. Lett. March 29 (1993)). 


O Magnetotransport is reduced by t,.: for x= 80 we find 
AG ~ AG, exp — tm/(6.1+ 0.6 A)]. 


eceeee tam=0 
—e— Cu/Ni/Cu 
—tA— Tao/Ni/Cu 
=e TO/NI TG. 


O42 


N\, 
Cu/Ni,Fe,_. 


0 20 40 . 60 80 40 60 80 100 
ter (A) x (% Ni) 
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interfacial scattering in NiFe/Cu/NiFe 


Si/50ATa/t NiFe/22.5ACu/50ANiFe/110AFeMn/50ATa 


~- t/t, 
it: ie 
4r. Fit ARagl ) As—deposited 
2400 
280C 
3 
_ 320C 
#& 360C 
a 
~ 2 
<j 
1 
0 


0 200 +400 600 
NiFe Layer Thickness (A) 


NiFe || Cu ll NiFe 


AG, [x1075 971] 


0 4 8 12 
_ Tam (NiFe/Cu) [A] 
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VOLUME 47, NUMBER 17 


PHYSICAL REVIEW B 


11579 


zd 


Role of interfacial mixing in giant magnetoresistance 


/ V.S. Speriosu, J. P. Nozieres, and B. A. Gurmey 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 


VOLUME 68, NUMBER 6 


interfaces of Fe/Cr/Fe 


PHYSICAL REVIEW LETTERS 10 FEBRUARY 1992 


Roughness and Giant Magnetoresistance in Fe/Cr Superlattices 


Eric E. Fullerton, David M. Kelly, J. Guimpel,@) and Ivan K. Schuller 
Physics Department, 0319, University of California, San Diego, La Jolla, California 92093-0319 


Y. Bruynseraede 


Laboratorium voor Vaste Stof Fysika en Magnetisme, Katholieke Universiteit Leuven, B-300! Leuven, Belgium 


(a) 


4 mTorr 


Log Intensity (arb. units) 


-10 -§ 0 2 10 
H (kG) 

FIG. 1. (a) Low-angle 6-26 x-ray-diffraction spectra and (b) 
4SR/R vs applied field at 4 K for selected representative [Fe(30 
A)/Cr(18 A)}io superlattices sputtered at various Ar pressures. 
X-ray spectra are offset by two decades for clarity. Saturation 
resistivities are 26 and 23 wQcm for the 4- and [2-mTorr sam- 
ples, respectively. 
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20 


Ss 
10° 104 10 


I, (cps) 


FIG. 2. Dependence of OR/R on the first superlattice Bragg 
peak intensity /, for samples with N=40. I, is a qualitative 
measure of the interfacial roughness (the background intensity 
has been subtracted). “A, [Fe(30 A)/Cr(13 A)]; @, [Fe(30 
A)/cr(is A)); 0, (Fe(30 A)/Cr(16 A)); @, [Fe(30 A)/Cr(18 
K)}. 0, (Fe(30 A)/Cr(20 A)}; @, [Fe(30 A)/Cr(25 AD]. 
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interfacial scattering in Fe/X/Cr/X/Fe 


The role of spin-dependent impurity scattering in Fe/Cr giant 
magnetoresistance multilayers 


Peter Baumgart, Bruce A. Gurney, Dennis R. Wilhoit, Thao Nguyen, Bernard Dieny, 
and Virgil S. Speriosu 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 


4792 J. Appl. Phrys. 69 (8), 15 Apri 1991 002 1-8979/91 /084792-03$03.00 © 1991 American insttute of Physics 4702 


Giant magnetoresistance of Fe/Cr multilayers: Impurity scattering model 
of the influence of third elements deposited at the interfaces 


Bruce A. Gumey, Peter Baumgart, Dennis R. Wilhoit, Bernard Dieny, 
and Virgil S. Speriosu 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 


5867 J. Appl Phys. 70 (10), 15 November 1991 002 1-8979/091/105867-03$03.00 © 1991 American insiitute of Physics $867 


GOALS 


[_] Demonstrate Spin Dependent Impurity Scattering (SDIS) 
is viable mechanism in giant MR films 


L] Demonstrate SDIS is responsible for giant MR in Fe/Cr 
STRATEGY 


test structure 


add third element with known scattering in alloys 
<= pw/ pt>>1 for Al, Ir, Ge 
<<1 for Cr, V, Mn 


© minimal perturbation of physical structure 
© no variation of Fe or Cr thickness 


© high absolute impurity resistivity 
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results for Fe/X/Cr/X/Fe 


The role of spin-dependent impurity scattering in Fe/Cr giant 
magnetoresistance multilayers : 


Peter Baumgart, Bruce A. Gurney, Dennis R. Wilhoit, Thao Nguyen, Berard Dieny, 
and Virgil S. Speriosu . 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 


4792 J. Appl. Phys. 69 (8), 15 Apri! 1991 4792 


TABLE I. Spin-dependent resistivities and a of Cr, V, Mn, Al, Ir, and Ge 
when alloyed with Fe (from Ref. 10). 


Cr V Mn Al Ir Ge 
pi (uw cm) 2.8+0.2 1.3+0.3 1740.2 48 20 49 
pt (uM cm) 12.5+6 10.5+3 35 5.6 2.2 7.9 


a=pi/pt 0.17-0.37  0.12-0.13  0.09-0.17 8.6 9 6.2 


Giant magnetoresistance of Fe/Cr multilayers: Impurity scattering model 


of the influence of third elements deposited at the Interfaces 


Bruce A. Gurney, Peter Baumgart, Dennis R. Wilhott, Berard Dieny, | 
and Virgil S. Speriosu 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 


5867 J. Appl. Phys. 70 (10), 15 November 1991 5867 


FIG. 1. Giant magnetoresistance vs thickness of deposited third-element 
X per Fe/Cr multilayer period (points, from Ref. 5) and best model fit 
(lines) for X = Mn(O—), V(A--), Cr( x same line as V), Ir(O---), 
Al(V—), and Ge( x-::); the best fit is obtained with an equivalent thick- 
ness of Fe/Cr scattering centers fq, = 2.25 A and y = 1. Inset: Quality of 
fit F vs To, for 7 = 1 (substitution of third-element scattering centers for 
Fe/Cr centers) and 7 = 0 (addition of third-element scattering centers to 
existing Fe/Cr centers). 
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Theory of giant magnetoresistance effects in Fe/Cy multilayers: 
Spin-dependent scattering from impurities 


B. L. Johnson 
Department of Physics, University of Colorado, Boulder, Colorado 80309-0390 


R. E. Camley 
Department of Physics, University of Colorado, Colorado Springs, Colorado 80933-7150 


FIG. 2. The percent change in the magnetoresistance as a 
function of thickness per period of added impurity. The upper 
set of curves is for Mn impurities and the lower set is for Al im- 
purines. The heavy squares are the experimental data for Mn, 
while the heavy dots are the experimental] data for Al, both tak- 
cn from Ref. 10. For Mn, the solid curve is calculated using the 
value for bulk scattering asymmetry N,,=4, while the dashed 
curved is calculated using N,, =6.5. For Al, the dashed line is 
obtamed for N,, =0.117, the dotted line for N,, =0.281, and the 
solid line for N,, =0.468. Note that 0.468 is a smaller asym- 
metry than 0.117, as explained in the text. 
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Magnetoresistance (%) 


M thickness/period (A) 
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minority carrier penetration depth 


Minority Carrier Penetration Depth D 


o Using a structure introduced by Parkin et al., D 
can be obtained from the change in transport as 
one varies the distance between the interface 
and an ultrathin scattering layer. 


o Using a bulk scattering model Dieny et al. find 
A~10A for x=0.8 at 4K. 


o We find at RT, D = 4.1+0.5A, independent of 


40 60 80 100 
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majority carrier penetration depth 


O AG rises with a characteristic length D,. to a saturation 
value AG,,, ie. 


AG~AG,, 1 = exp/( — (te, a tam)/Dac)] 


Ni,Fe, _ ,/Cu/Ni,Fe, _ , 


AG [x1077 971] 
* +merxe Oe o 
18 ¢) 
2) 


0 100 200. 300 400 Dag = Ba” P21 
thickness (te,) [A] 


x (% Ni) 
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Nigfe1_2/Cu/Ni,zFe,_, spin valves 


Ta/t Ni Fer /23 Cu/50Nix Fej.v [NOFM»/Ta 


[AR/R | max 
[AG/G] max (%) 


AG, (x1079 97") 


100 
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Direct Measurement of Spin-Dependent Conduction-Electron Mean Free Paths 
in Ferromagnetic Metals 


Bruce A. Gurney, Virgil S. Speriosu, Jean-Pierre Nozieres, Harry Lefakis, Dennis R. Wilhoit, 


and Omar U. Need 


IBM Research Division, Almaden Research Center, 650 Harry Road. San Jose, California 95120-6099 
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backed spin theory 


DIRECT MEASUREMENT OF MAJORITY CARRIER MEAN 
FREE PATH 


Approximate solution to Boltzmann transport equation for 
backed spin valve with filter layer ‘f’ predicts 


AG~AG, + Ago [ate Aaltr ‘ ~ @ Als ony} 
xO 
a ae at — 9 Allg — IA Hy 


+ 
~AG, + AG,| 1—@ Pie Wl J (Ay <Bt) 
magnetoconductance depends on Bui (xtT) — Bw2 (Huee-4) 
from filter layer b-layer material (average over 


and filter, etc. solid angle) 


depends on 


AG 
B/A* only 


d 
back layer thickness 
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a nT a ell 


backed spin valve results 


— A* directly measured 
— A- inferred from 4‘ and bulk resistivity 


x b=Cu 


AT=A7=192422 A 
226 free electro 


NO O-NWAO! 


yr ry b=AuCu 


At=\A7=2244 A 7 
20 free eleteon ] 


aman 


‘(c) 


b=Co 
| At=554+4 A 
A 


-<10 A 


AG [x107% Q7'] 
Do OO —-— NO WO -NWAO 


0 200 400 600 
thickness t,-t, [A] 
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CIP vs CPP transport 


Current perpendicular to the plane (CPP) yields a GMR 
amplitude two or more times larger than current in the plane (CIP), 
and can be used to measure spin dependent scattering. 


PHYSICAL REVIEW LETTERS 10 JUNE 1991 VOLUME 66, NUMBER 23 
Perpendicular Giamt Magnetoresistances of Ag/Co Multilayers 50 
W. P. Pratt, Jr., S.-F. Lee, J. M. Slaughter,®’ R, Loloce, P. A. Schroeder, and J. Bass 
Department of Physics and Astronomy and Center for Fundamental Materials Research, a 40 
Michigan State University, East Lansing. Michigan 48824 & 
(Received 22 January 1991; revised manuscript received 11 April 1991) Cc 
Cnec 
i 230 
i RAAPY — ROP) Ria =p ff ppl +2yreM A 
‘A 
oe 10 
Figure 10. Plo of ARag - AREY vs M for cg = 1.5 am and 6 am. The solid line represents 
pela aramnpaaiar ncaa the dashed line for (5° 1.5 nex er 
(rem Net Warkshep on Magnetion 14 Mediond Dimensians, Cargere (1442) 0 
0 


Bilayer No. M 


Perpendicular giant magnetoresistance of microstructures In Fe/Cr 
and Co/Cu multilayers (invited) ; : 


M.A. M. Gijs, J. B. Giesbers, M. T. Johnson, J. B. F. aan de Stegge, ee eA a oh 
and H. H. J. M. Janssen . 
Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands 


|, Appl. Phys. 75 (10), 15 May 1994 6709 


a) 


FIG. 1. Schematic diagram of different processing steps in the pillar struc- 
turing and contact fabrication. 


Too 
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spin accumulation 


Perpendicular magnetoresistance In magnetic multilayers: Theoretical 
model and discussion (invited) 


Albert Fert 


Laboratoire de Physique des Solides,? Université Paris-Sud, 91405 Orsay, France J. Appl. Phys. 75 (10), 15 May 1994 gag, 


| B pp (L/2) 


Lig 
M=L/2t 


FIG. 3. (ROR) RM is plotted as a function of the number of bi- 
layers M for a fixed total thickness L and the same individual thickness for 


the ferromagnetic and normal layer, (p= ty™i=L/(2M). The solid line is 
the linear variation expected from Eq. (14) for the limit </y or M<L/I,. 
For M<L/Iy, Eq. (14) is no loager valid and MRO RM) RM drops as 


exp(—1/414)~exp(—L/2Mly) (see thin solid line). 
aS) 


FIG. 1. Illustration of spin accumulation effects at the interface z™0 be- 
tween two semi-infinite ferromagnetic regions with opposite magnetizations. 
The arrows indicate the majority spin direction in each region. The electrons 
flow from left- to right-hand side, and the spin + electrons are supposed to 
be weakly scattered at the left-hand side and strongly at the right-hand side. 
The change Ay of the chemical potential of the spin + clectrons (propor- 


tional to the out of equilibrium spin polarization), the absolute values of the 
current densities for spin + and spin — electrons, J, and J_ , respectively, 
and the absolute values of the electric field E are plotted vs z. See also Refs. 
14 and 15. 
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How to isolate effects of spin-flip scattering on giant magnetoresistance 


in magnetic multilayers (invited) 


J. Bass, Q. Yang, S. F. Lee, P. Holody, R. Loloee, P. A. Schroeder, and W. P. Pratt, Jr. 


Department of Physics and 
State University, East Lansing, Michigan 48824-1116 
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J. Appl. Phys., Vol. 75, No. 10, 15 May 1994 
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bipolar spin switch 


Spin polarization of gold films via transported (invited) 


Mark Johnson 
Bellcore, 331 Newman Springs Rd., Red Bank, New Jersey 07701 


6714 J. Appl. Phys. 75 (10), 15 May 1994 


(b) 


P F2, parallel F2, anti- 


parallel 


N,(E) N,(E) 


FIG. 1. (a) Pedagogical model of three-terminal device. Arrows in F1 and 
F2 refer to magnetization orientation as determined by majority spin sub- 
band. (b) Diagrams of the densities of state N(E) as functions of energy E 
of the ferromagnet-paramagnet-ferromagnet system depicted in (a). 
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implications of 7(z) for sensors: 
spin valves 


DISTRIBUTION OF CURRENT INFLUENCES THE 
BIAS POINT 


three contributions to bias point 


pinned layer interlayer coupling current flow 
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current distribution 7(z) in a spin valve 


LOCAL CURRENT DENSITY 
NiFe/Cu/NiFe spin valve using previously measured A} 


50ATa/45ANIFe/22.5ACu/45ANIFe/110AFeMn/SOATO 


i 
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path integral vs parallel resistor models 


path integral vs parallel resistor models 


400 


path integral | 
parallel resistor | 


200 500 


resistivity [ZQcm] 


sum of mean free paths (AT+A~) [A] 
100 


a 100 200 = OO 
position [A] 
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current bias: experimental results 


MODEL PREDICTS BIAS POINT SHIFT 
\ Ades 
The transfer curve of a 10um x 3.8m stripe N=3.8u 


was measured vs sense current, and compared 
with the model prediction of bias point shift. 


SOATa/6OLNIFe/10AC0/23hCu/104C0/SOANIF 6/1 10d F ebin/SOATo 


normalized AR/R 


100 


experiment 
model 
sees Cu layer only 
——-— parallel resistor 


A blas point (Oe) 


0 10 20 30 
A current (mA) 


4 model accurately predicts Q=0.52 for this structure 

4 implies higher current (more heating, electromigration) 
to achieve optimal bias than more simplistic current 
distributions. 
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recording constraints on MR heads 


interplay of t, g, h, H; 


order of magnitude estimates 1 for: 


t film thickness 
Gg gap 
h stripe height 


H,, sensor film anisotropy 


sensor moment — matched to flux from media: 


Mmediag Mgt 


Tr 


107 %[emu/em?] = 800(G]125[A] 


+twzwil1l00A 


gap — follows from density 


PWs9 ®& V2qg FWHM of read back pulse, from transition 
density ~ 1 [Gbit/in?] = 1.6 x 10° [bit/cm?] 
= 1/(3 x 1074 [cm] - 2 x 107° [cm]) 


=> 921.4 x 107° [em] 
1 ce, e.g. N. Bertram, Theory of Magnetic Recording. Cambridge. 1994 


_ 
-— 
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recording constraints on MR heads 


interplay of ¢, g, h, ah 


order of magnitude estimates for: 


t film thickness 

g gap 

h stripe height 

HH, sensor film anisotropy 


h and Hy, can be estimated from t, g, and considereations of maximum 
efficiency of flux propagation into the head, and maximizing the signal to noise: 


maximum efficiency — h ~ X characteristic length of flux 
propagation. (tradeoff of h and H;) 


2 t _ h?H 
Hy, oe M 


signal to noise power (want large h for large signal) 


s_ ( Vsig ) _ (nAeTW)? _ 1 J?phWt (22) " 
4kT RAF 4kTAfT 0 


N 


Vnoise 


practical compromise — h © lum 


Ta 
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sensor materials: low field multilayers 


IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994 3837 
Highly Sensitive Giant Magnetoresistance in NiFe/(Ni/Fe/Cu)a/NiFe Thin Films _ 


Akira Kouchiyama, Telichi Miyauchi and Kenjiro Watanabe 
Corporate Research Laboratories aSOny a a Kitashinagawa, Shinagawa-ku, Tokyo, 141, Japan 


Abstract - GMR of 0 to 6.95% has been found in fields of 0 to 
59 Oe at room temperature in NiFe(Snm)/[Ni(1.58nm)/ 
Feld A2am)\/Cu(2.1nm) jNike(7am) thin {lms ao aig eh by 
DC magnetron sputtering with extremely thickness 
control The full width at half maximum of the GMR 
curve was 104 Oc. The top and bottom NiFe ayers had anti- 
si See coupling to patie Ni/Fe layers across the eS 
Isyers and also maintained magnetically sot 
e NiFe/(NI/Fe/Cu)s/NiFe sensor which was 4am thick , 35 
pm wide and 15 iim bong showed a Large extput 4 times as 
large as NiFe/ALOI/Nike sensors. 


Le : 
Nig, ate * 
Cu 
Ni ge Fe.; : 
Cu 
3 | z 
é Nig, Fes. 
q : 


H (Oe) 


ot hs Fig. 2 MR curves for a NiFe(Ni/Fe(Cu)/NiFe multilayer. 
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sensor materials: discontinuous 
multilayers 


7058 J. Appl. Phys. 75 (10), 16 May 1904 


Low field glant magnetoresistance In discontinuous magnetic multilayers 


T. L. Rytton, KR. Coffey, M. A. Parker, and J. K. Howard 
IBM AdStar, San Jose, Californla 95193 


Giant magnetoresistance of order 4%—6% has been observed in fields of 5-10 Oc at room 
temperature in annealed multilayers of NiggFey)/Ag prepared by magnetron sputtering. For a wide 
range of NiFe and Ag thicknesses, no giant magnetoresistance was observed in the unannealed films. 
We attribute the appearance of giant magnetoresistance to a magnetostatic interlayer interaction that 
promotes antiparallel order of the moments in adjacent layers fostered by a breakup of the NiFe 
layers. We discuss the effects of variations in the underlayers, spacer thickness, and the sputtering 
process on the magnetoresistance. Our results suggest that maximizing magneloresistance and 
‘minimizing hysteresis require samples with continuous Ag layers that prevent contact between the 
NiFe layers and NiFe layers that are discontinuous but not too severly disrupted. 
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FIG. 1. AR/R, vs H for a sample Ta(100 Aj/Ag(20 ANiFe(20 at 
A)NiFe(20 A)/Ag(20 AlsTa(40 AWSIO2(700 AV/Si. The field is in the 
plane of the sample and perpendicular to the current. Arrows indicate the 
ramping direction of the field. Unannealed samuples show oaly a small AMR 
effect, but for annealing temperatures above 300 “C, a large GMR effect is 
evident. Large sensitivities of order 0O.8%/Oc are achieved in the sample 
annealed at 315 *C (inset). 
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GIANT MAGNETORESISTANCE AND STRUCTURAL STUDY OF 
PERMALLOY/ILVER MUCTILAYERS OURING RAPID THEAMAL ANNEALING 


F, ROOZEBOOM, L GIDEONSE™, J.P.W.8. DUCHATEAU, 0.G. NEERINCK ANO 
HT. MUNSTERS 

Phifps Research, Professor Holstlaan 4, NL-5656 AA Eindhoven, The Nethertands 
* University of Groningen, The Nethertands. 


Pei 
Mal. Rec. Sec. Symp. Prec. Vol. 342. ©1964 ietertets Mecesrok Society 
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sensor materials: spin valve 


IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994 3813 


Application of Giant Magnetoresistive Elements in Thin Film Tape Heads | 


W. Folkerts, J.C.S. Kools, Th.G.S.M. Rijks, R. Cochoorn, M.C. de Nooijer, 
GH J. Somers, JJ.M. Ruigrok and L. Postma 
Philips Research, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands 
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- Magnetoresistance of Symmetric Spim Valve Structures 
3819 Thomas C. Anthony and JamesA. Brug 
Hewiett-Packard Laboratories, 1501 Page Mill Road, Palo Alto, CA 94304 


Shufeng Zhang 
Department of Physics, New York University, 4 Washington Place, New York, NY 10003 
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3822 


IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994 
Micromagnetics of GMR Multilayer Sensors at High Current Densities 


| Neil Smith © 
Imaging Research and Development, San Diego Laboratories, Eastman Kodak Company, San Diego CA 92121 


implications of 7(x) for sensors: 
multilayers 


reduced signal at high (but necessary) current density 


J = 5x10° | 


WS 


+ 
Ss 


Se 1.25x10" 
Yeo J = 1.25x10 
: (Hysagtadina) 


Fig. 1. Pictorialization of a GMR multilayer stripe in antiferromagnetic ground- — 

state, Clear (shaded) are magnetic (nonmagnetic) conducting layers. —100 0 H (Oe) 100 

Fig. 3. Comparison of experimental (solid) and theoretical SR(HYR curves at 
current density, J, indicated. For theory, Ayo. = 0 (dotted), or Kooe = Hye 


(dashed). Curves for each J are shifted vertically by 3% SR/R. 
IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994 


3825 
Size and Self-Field Effects in Giant Magnetoresistive Thin-Film Devices 


__R. William Cross, S$. E. Russek, and S. C. Sanders, ¢ta¢. 
Electromagnetic Technology Division, National Institute of Standards and Technology 
Boulder, Colorado 80303 


ARIR (%) 


Current 
with thermal 


Fig. 4. Plots AR/R as a function of temperature for a NiCoFe/Cu device with } 
| - x 6 pm active area. The difference between the curves is the self-field 300 320 340 360 380 400 420 440 460 
Criect.. 


Temperature K 
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FIG. 1. 
structure 340 and 790 A NiO/60 A NiFe/30 A Cu/80 A NiFe/SO A Ta. 


temperature effects in spin valves 


Temperature dependence of magnetoresistance in spin valves 


with different thicknesses of NiO 


Chih-Huang Lai, Thomas J. Regan,®) and Robert L. White 
Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 


Thomas C. Anthony 


Hewlett Packard Research Laboratories, 150] Page Mill Road, Palo Alto, California 94304 
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FIG. 2. Temperature dependence of the exchange field H, for various thick- 
nesses of NiO. 
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FIG. 3. Temperature dependence of AR/R and H, random for the 340 A NiO 
sample, measured at room temperature after the samples were cooled in a 
perpendicular ac field from set temperatures T, . 


3990 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997 
20x10" 
S 
a 


120 160 200 


0 40 80 


Temperature igo: 


FIG. 4. The exchange path distribution, D(7,,), of the 340 and 790 A NiO 
samples. 
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can spin valves be reliably deposited? 


Can spin valves be reliably deposited for magnetic recording applications? 
(invited) | 


Bruce A. Gurney, Virgil S. Speriosu, alls R. Wilhoit, Harry Lefakis, 
Robert E. Fontana, Jr., David E. Heim,?) and Moris Dovek 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120 


The tolerance of the expected read-back signal of spin valve giant magnetoresistance based 
structures to varying deposition and process conditions are described. We determine if spin valves 
can be produced reliably, and evaluate which thicknesses and properties are most critical. First, the 
dependence of spin valve properties on layer thickness are experimentally determined. Next, the 
variation of read-back signal and transfer curve characteristics with spin valve properties is 
calculated from micromagnetic modeling. Finally, these are convolved with the expected 
reproducibility of layer thickness to obtain an effective ‘‘yield’’ of structures within 10% of the 
mean amplitude. We find that spin valves can be reliably deposited, with ‘‘yields’’ well in excess 
of 90% likely. © 1997 American Institute of Physics. [S0021-8979(97)67908-6 | 
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can spin valves be reliably deposited? 
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FIG. 7. Transfer curves calculated for different ratios 
layer moment. 


TABLE I. Process sensitivity ;j4 and signal sensitivity § for a spin valve. na=not applicable. t depends on 


strain in head. 


Process sensitivity ; 
(104) x 
: Signal Sensitivity 
Property P free spacer pinned FeMn (S) design criterion 
Magnetostriction 8 na na na O+ 0<d,<-2x107° 
Magnetoresistance =U 33 a3 ee I >3.5% 
Resistance = 25 25 Od ma 215 YO 
Free layer moment. 10 na na na ==] 50 A 
pinned layer moment na na 10 na 0.25 50 A 
Coupling field —14 15 33 na 0.15 9<H;<13 Oe 
Exchange bias field na na #29 30 0.2 >200 Oe 
Uniaxial anisotropy field —20 na na na 0.05 <5 Oe 
o( dV) =0.0331. (12) 


Taking as a quality criterion that a 10% or larger deviation 
from the mean signal amplitude would be considered an un- 
successful deposition these results suggest that over many 
runs 99.7% (corresponding to 3.00) of the spin valve depo- 
sitions will yield high signal spin valve sensor materials. 


of the pinned to free 


oA p= (107, )) 7! 
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recovery of spin valves from 
thermal destabilization 


Improvement of thermal stability and magnetoresistance recovery 
of Tb.;Co7, biased spin-valve heads 
N. J. Oliveira,® J. L. Ferreira,®) J. Pinheiro,®) A. M. Fernandes, O. Redon, S. X. Li, 


P. ten Berge,” T. S. Plaskett, and P. P. Freitas”) 
INESC, R. Alves Redol 9-], 1000 Lisboa, Portugal 


(a) 
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O Unidirectional TpCa/Co 
Unidirectional TbCo/NiFe 


6x2yum2 
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chip carrier 
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T= 150°C T =220°C 


- 


FIG. 2. Average MR of the unshielded sensors as a function of anneal 
temperature. The dashed line corresponds to a single domain micromagnetic 
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FIG. 1. H,, as a function of temperature, (a) TbCo/Co and TbCo/NiFe SG MR=0.8% 
measured at temperature, and (b) TbCo/Co measured at RT after annealing. w 
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FIG. 4. The effect of wafer processing on the MR signal of test structures. , 
Inset shows a schematic of the structures and SEM of the tape bearing 20 40 60 80 100 
surface. | Written density (KFCI) 


FIG. 5. Rolloff properties of a 10X2 ym? prototype head measured on 900 


4904 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997 Oe tape. Inset shows the output voltage at 20 kfei. 
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electrostatic discharge and spin valves 


Electrostatic discharge sensitivity of giant magnetoresistive 


recording heads 
Albert J. Wallash® 


Quanta Corporation, S00 McCarthy Boulevard, Milpitas, California 95035 


Young K. Kim?) 
Quantum Corporation, 1450 Infinite Drive, Louisville, Colorado 80028 


In this article electrostatic discharge (ESD) damage to giant magnetoresistive (GMR) recording 
heads 1s studied for the first time. The ESD failure threshold was measured using an extremely short 
duration (1 ns) metal contact ESD transient. The failure energy required to melt the GMR recording 
head was 2.3 nJ, about half of the 5 nJ of energy needed to melt a conventional anisotropic 
magnetoresistive (AMR) head design. Scanning electron microscope scans of ESD damaged AMR 
and GMR heads show localized melting of the sensors. It is concluded that recording heads with 
GMR sensors, planned for use in the near future, will have significantly lower ESD failure 
thresholds than AMR recording heads in use today. Finally, scaling arguments show that an AMR 
head design with the same reduced cross-sectional area of the GMR head has a comparable ESD 
failure threshold. © /997 American Institute of Physics. [S0021-8979(97)33 108-9] 
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FIG. 4. Failure voltage as a function of inverse initial resistance. Note linear 
reluuonship between voltage and I/resistance as predicted by Eq. (1). 
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FIG. 1. Schematic representation of setup used to produce metal contact 


ESD transients. 
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FIG. 2. ESD current transient when an MR input was grounded with a plate 
voltage of 150 V. 
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FIG. 5. SEM pictures of field-induced metal contact ESD damage to MR 
heads: (a) AMR head: (b)—(e) GMR heads. 
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FIG. 3. Typical resistance behavior as a function of plate voltage for AMR 
and GMR heads. 
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corrosion and spin valves 


Effect of corrosion on magnetic properties for FeMn and NiO spin valves 
S. L. Burkett,?) S. Kora, J. L. Bresowar,® J. C. Lusth, B. H. Pirkle,) and M. R. Parker®) 


The Center for Materials for Information Technology, The University of Alabama, Tuscaloosa 
Alabama 35487-0209 


_ stored in a Tenney environmental 
chamber set at 60°C and 90% relative humidity. 
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FIG. 4. SEM micrograph (spin-valve edge at far right) of FeMn after 4 days 


shamber. ; 
Renae FIG. 6. MR ratio and H, vs time in chamber for NiO spin valves. 
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magnetic viscosity in spin valves 


Magnetic viscosity effects in the giant magnetoresistance 
of NiO/Permalloy/Cu/Permalloy exchange-biased films 


J. B. Restorff, M. Wun-Fogle, and S. F. Cheng 


Carderock Division, Naval Surface Warfare Center, Code 684, 9500 MacArthur Boulevard, West Bethesda, 


Maryland 20817-5700 
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0. 
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FIG. 1. Magnetoresistance as a function of field of the spin-valve structures: 
(a) NiO/Permalloy (45 A)/Cu (45 A)/Permalloy (45 A) (sample A); (b) 
NiO/Permalloy (45 A)/Co (6 A)/Cu (45 A)/Co (6 A)/Permalloy (45 A) 
(sample B). The data were taken by the stepped field method. 


‘ ; et oo 6 amy 7 
$00-660-400-200 QO 200 400 600 -400-200 Q 200 400 600 800 
Applied Field (Oe) 


FIG. 2. Magnetoresistance and corresponding stabilizauion ume vs field for 
NiO/Permalloy (45 A)/Cu (45 A)/Permalloy (45 A) (sample A) at +10 °C. 
In (a) and (c) measurements were taken from +700 to —700 Oe and in (b) 
and (d) from ~700 to +700 Oe. The data were taken by the stepped field 
method. 
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FIG. 3. An example of fits of the time dependent MR measurements to 
C+S In(t). Curves a and b are for large AMR and small AMR, respectively. 
This data is for sample A; sample B is similar. The open symbols represent 
the data points and the solid lines represent the fits. 
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FIG. 4. Magnetoresistance vs H and coefficient of magnetic viscosity S vs 
H for sample B [NiO/Permalloy (45 A)/Co (6 A)/Cu (45 A)/Co (6 A)é 
Permalloy (45 A)]. The S’s associated with the broad maximum on the left 
are denoted by circles; the S's associated with the narrow maximum are 
denoted by tangles. The data were taken by the time-dependent method. 
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spin valve head 


IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994 


Design, Fabrication & Testing of Spin-Valve Read Heads for High Density 
Recording | : 


3801 


Ching Tsang, Robert E. Fontana, Tsann Lin®, D. E. Heim*, 
Virgil S. Speriosu, Bruce A. Gumey & Mason L. Williams 
IBM Research Division, 
IBM Advanced Magnetic Recording Laboratory, 
Almaden Research Center, 650 Harry Road, San Jose, CA 95120-6099 
*IBM Storage Systems Division 
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free layer pinned layer 


Fig. 1. Schematic of a spin-valve sensor (M: magnetic moment, 
@: angle from the longitudinal direction). 
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Fig. 6. Real-time (a) and Averaged (b) readback waveform of 
spin-valve head on CoCrPt disk. 
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Fig. 8. Experimental and theoretical rolloff curves 
of the spin-valve read heads. 
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Ultra- High Density Head Demonstrated® 


Hard magnets 


hie | Structure of the spin-valve element 
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GMR field sensors 


GMR Materials for Low Field Applications 


J. M. Daughton and Y. J. Chen | Zt 
Nonvolatile Electronics, Inc., RNY 
Plymouth, MN 55441, USA i 
IEEE TRANSACTIONS ON MAGNETICS, VOL. 29, NO. 6, NOVEMBER 1993 ay 
m2 
\ . 
.» 


Fig. 3. GMR Bridge Field Sensor. 
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GMR non-volatile memories 


IEEE TRANSACTIONS ON MAGNETICS, VOL. 29, NO. 6, NOVEMBER 1993 


GMR Materials for Low Field Applications 


J. M. Daughton and Y. J. Chen 
Nonvolatile Electronics, Inc., 
Plymouth, MN 55441, USA 
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Fig. 5. Dense MRAM Cells. 


Fig. 5(b) is an areal view of a 2x2 array of nanometer 
cells showing a cell area of 4.84 42, where A is the 
resolution limit of the lithography used to fabricate the 
memory cells. This compares with more than 10 42 for 
minimum-size Dynamic Random Access Memory (DRAM) 
cells. MRAM potentially can be at Jeast twice as dense, 
and will have an even greater density advantage as A 
becomes smaller than 200 nm unless there is significant 
progress in capacitor technology used for DRAMs. With 
GMR materials for sensing, the read access times of 
MRAM will be comparable to semiconductor memories. 
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What’s Hot: Colossal MR® 
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STH. Tiefel, et al., IEEE Trans. Mag. 32, 4692 (1996) 
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colossal magnetoresistance (CMR) 


Magnetic field induced properties of manganite 
magnetoresistance (invited) 


Gang Xiao, G. Q. Gong, and C. L. Canedy 
Department of Physics, Brown University, Providence, Rhode Island 02912 
Esa uve iit dt: 


Francis Bitter National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, 
Massachusetts 02) 39 


A. Gupta 
1BM T. J. Watson Research Center, Yorktown Heights, New York 10598 


3 S G 


We present a systematic study of the magnetotranspon and magnetic properties of the half-doped 
Lap sCap sMnO3, 5 system. The solid is a metamagnet which undergoes a first-order antiferromagnet 
(AFM) to ferromagnet (FM) phase transition under a field or by changing temperature. Associated 
with the AFM-FM uwansition is an insulator to metal transition. A maximum 10°-fold 
magnetoresistance ratio has been observed at 4.2 K between the least and the most conductive states. 
At low T (S50 K), we have also observed two additional metastable electronic states in the canted 
AFM state at certain fields. The resistivity of each state differs from one another by at least one 
order of magnitude. The existence of these multiple states may be related to the unique charge- and 


spin-ordered state of the half-doped manganite. © 1/997 American Institute of Physics. b 
[S002 1-8979(97)72008-5] 
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FIG. 3. The charge and spin ordering structure of Lay sCap ;MnO3,5 (a—5 
plane). Only the Mn** and Mn‘* ions are marked, O~? ions are located 
midway between the shortest Mn?*-Mn‘* pairs. The highlighted zigzag 
chains consist of alternating Mn?* and Mn‘* ions whose spins are ordered 
ferromagnetically. The interchain coupling is of the anuferromagnetic type. 
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FIG. 2. Resistivity and magnetization of Lay ;Cap ;=MnO3,5 vs magnetic field at T=4.2, 50, and 77 K. For cach run, the sample was cooled in zero field, and 


then subjected to a sweeping field sequence (see arrows): 0-19 T-0— —19 T-+0-— 19 T. 
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colossal magnetoresistance (CMR) 
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FIG. 4. Magnetization curves of Lag sCag ;MnO,, measured at different 
temperatures, 
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FIG. 5. Phase diagram of Lag Cap sMnO3,5 in the H-T plane. H4~* and 
HEA are critical fields for the AFM-FM and FM-AFM transitions, respec- 
tively. The magnetic transition temperature (JT.) was obtained from the 
Susceptibility measurement. 


Colossal magnetoresistance and charge order in La,_,Ca,MnO, (invited) 


A. P. Ramirez and S.-W. Cheong 
Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974 


: © 20 
oe Schiffer ae . e) tek ae a | Ltg psCaq :5M00, 
Physics Department, University of Notre Dame, Notre Dame, Indiana 46556 = 15 vevvTVTCC"N pAb, Se says ; 
Ss Bhs. 
Double-exchange ferromagnets with their associated large magnetoresistance have recently been = 0.57 Se” a ey 
considered as candidates in magnetic storage applications. We review materials aspects of one = gy 1.0 Paunitasiabiae saalenics ‘ - VT 
compound family, La;_,Ca,MnO;. There exist two distinct low temperature regimes; (i) pan 05 ec aaee \ _ 
ferromagnetic and metallic (~<0.5) and (ii) charge-ordered and semiconducting (x>0.5). We = 
describe transport, magnetic, thermal and acoustic response in each regime. © 1/997 American s 0.0 
lustiture of Physics. [S0021-8979(97)72208-4] 
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FIG. 1. The phase diagram of La, _,Ca,MnQj. The transition temperatures Temperature (K) | 

are defined by inflection points of M(7) (circles) and p(T) (diamonds). 

Data for x~0.5 were taken on warming at H=0.1 T. FIG. 2. The magnetization, resistivity, and muagnetoresistance of 
Lag 75Cay25M@nO3 as a function of temperature at various fields. Th- | >set 
shows p ul low temperatures; the lines are fits to the data as describe ss € 
text. 
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What’s Hot: Tunneling’ 


PHYSICAL REVIEW LETTERS 


17 APRIL 1995 


Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions 


TUNNEL CONDUCTANCE (in arbitrary units) 


Pie tk, 


J.S. Moodera, Lisa R. Kinder, Terrilyn M. Wong, and R. Meservey 


Francis Biter National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02/39 
(Received 29 November 1994) 


Ferromagnetic-insulator-ferromagnetic tunneling has been measured in CoFe/Al,03/Co or NiFe 


junctions. 


At 295, 77, and 4.2 K the fractional change in junction resistance with magnetic field, 


AR/R, is 11.8%, 20%, and 24%, respectively. The value at 4.2 K is consistent with Julliere’s model 
based on the spin polarization of the conduction electrons of the magnetic films. AR/R changes little 
with a small voltage bias, whereas it decreases significantly at higher bias (>0.1 V), in qualitative 
agreement with Slonczewski's model. These junctions have potential use as low-power field sensors 


and memory elements. 


JUNCTION BIAS (mV) 


Tunnel conductance plotted as a function of the 


applied de bias for a CoFe/Al,03/NiFe tunnel junction at 4.2 
and 295 K in zero field. 
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FIG. 2. Resistance of CoFc/AI,0O,/Co junction plotted as a 
function of H in the film plane, at 295 K. Also shown 1s 
the variation in the CoFe and Co film resistance. 
indicate the direction of M in the two films (see text). 


"JS. Moodera, et al., Phys. Rev. Lett. 74, 3273 (1995) 
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magnetic tunnel junction (MTJ) 


Microstructured magnetic tunnel junctions (invited) 
W. J. Gallagher 


IBM Research Division, T. J. Watson Research Center, Yorktown Heights, New York 10698 


S.S. P. Parkin 
IBM Research Division, Almaden Research Center, Almaden, California 95120 


Yu Lu 
Physics Department, Brown University, Providence, Rhode Island 02912 


X. P. Bian, A. Marley, and K. P. Roche 
IBM Research Division, Almaden Research Center, Alinaden, California 95120 


R. A. Altman, S. A. Rishton, C. Jahnes, and T. M. Shaw 


1BM Research Division, T. J. Watson Research Center, Yorktown Heights, New York 10698 


Gang Xiao 
Physics Department, Brown University, Providence, Rhode Island 02912 
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FIG. |. Schematic of the patterning process for magnetic microtunneling 
junctions. The left and right panels are cross-sectional and plan 
spectively. The bottom optical micrographs show the layout o 

devices on a chip and a single tunneling junction with a rectang 

where both the bottom and the top leads are visible. 


A, (2) 


Junction Area (um*) 


FIG. 6. Tunneling resistance vs nominal junction area at room temperature 
for MTJ devices with Co-free layers. The closed circles are data from 
samples fabricated using electron-beam lithography to define the junction 
area. Open circles are from samples patterned using optical lithography. 
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FIG. 3. Cross-sectional transmission electron micrograph of the layered 
structure of an MTJ with a Co-free layer. Each of the layers 1s indicated. 
The Pt layer contains an unexpected interface that may be due to silicide 
formation during the microscope sample preparation process. 
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FIG. 5. Room-temperature tunneling resistance R, and magnetoresistance 
ratio AR/R, , vs magnetic field along the easy axis of two tunnel junctions: 
(a) a Co-free layer device with a rectangular 0.25X1.25 um? top electrode, 
(b) a permalloy-free layer junction with top electrode dimensions of 2X 128 
ym?. The orientation of the applied magnetic field relative to the junction 
shape anisotropy is indicated. 
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taking care of business 


HYSICS 7 : 
‘ ber” even after a computer's power is 


cut off. In short, GMR “may affect sever- 
al billion-dollar businesses,” says James 
M. Daughton, president of NVE. 
agnetoresistance was discovered by 
British physicist William Thomson, Lord 
Kelvin in 1856. But scientists couldn't 


MAGNETIC 
FIELD OF DREAMS sam church tne be bar ot 


that holding a magnet near certain met- 
Giant magnetoresistance may transform sensors and disk drives | ls causes their atoms to “tilt”—and that 
tilted atoms are larger obstacles than 
Ibert Fert had an inkling that | skidding—the key to antilock brakes. In | untilted ones to electrons zipping by as 
A: was on to something big. The | France, in fact, researchers at Thom- | electric current. The result is higher re- 
University of Paris physicist | son are testing GMR sensors in such | sistance. The “giant” phenomenon stems 
knew that many metals exhibit a phe- | brakes and to measure engine crank- | from the additional fact that there are 
nomenon called magnetoresistance (MR)}~- | shaft speeds to help lower emissions or | two types of electrons—those that spin 
they show slight changes in electrical | raise fuel economy. Startup Nonvolatile | “up” or “down.” The trick in changing re- 
resistance when placed in a magnetic | Electronics Inc. (NVE) in Eden Prairie, | sistance is constructing a material in 
field. An expert in magnetism, Fert | Minn., has even begun selling the first | which one of these electron types can 
thought he could amplify the get through more easily—aided 
effect by designing materials by the external magnetic field. 
made up of very thin layers THE ATTRACTION OF GIANT That's what Fert wanted to do 
of metals. In 1988, he tried— MAGNETORESISTANCE with his miniature sandwich. 


and the results were astonish- Today, the “bread” typically 


ing. The magnetoresistance in an iron- -nickel alloy, the “fill- 
bbe patent Revised ochroinl: aii GAR is rapidly moving from lab epee Com: 
um sandwiched between iron— Peer tee bined that way, each succes- 


was 10 times that of standard | ll When no extemal mognetic sive layer of iron-nicke] is 


metals. field is present, the magnetic naturally magnetized in the 

Along with similar results fields in a metal composed of a ee opposite direction, much as the 
from Germany, Fert's find was | copper [A) sandwiched poles of bar magnets will al- 
dubbed “giant” magnetoresis- | between an ironnickel alloy (B) foce opposite directions. As ways line up in opposite direc- 
tance (GMR). Instantly, it be- | — g resuk, the metal’s resistance lo current (C) is high. tions when one is held above 
came “the hot thing in phys- the other. When electricity 
ics,” says Mark H. Kryder, @ Applying an externa! runs through such a sandwich, 
director of the Data Storage © magnetic field (D} couses both up and down electrons in 
Systems Center at Carnegie % the magnetic fields in all the current encounter many 
Mellon University. Many phys layers to line up in the obstacles. Adding the external 
icists put it on a par with high- so a lieskan o5beck: magnetic field changes things 
temperature superconductivity, ‘ dramatically. It forces all the 


cal resisiance drops 


except for one thing: While mugnetism in the “bread” lay- 


the latter is still struggling to Sromancoty) ers to line up in the same di- 
get out of the lab, in just six I The lower resistonce makes possible detection of very small rection. Suddenly, the “down™ 
years, GMR has begun to have |  ¢,4ernal magnetic fields. That opens the door for use of the metal electrons in the current skirt 


“a big impact on technology,” ia designing: the obstacles. The result, suys 


says James Brug, manager |}. eon ttn ah ew York University physi- 
for recording-head technol.  - ae cist Peter M. Levy, “is a 
ogy at Hewlett-Packard short-circuit effect"—a 
Co. Adds Kryder: “K's large drop in resis- 
turning out to be use tance. 

ful much faster than Mount a chunk of 


I expected.” selany Automobile sensors that | 2. Computer Cet drives that 3. Memory chips that this: sandwich on: a 


BRAKE KEYS. GMI has piece of silicon, sus- 


Each bit on a computer disk, for in- | meanwhile, are building GMR prototypes | GR. in fact. standard magnetoresistance 
stance, is represented by a tiny mag- | that promise leaps of up to seventcen- | was being used this way—mainly by IBM. 
netic field that is “read” by a magnetic | fold in the amount of information that | Though Gak promised better perfor- 
sensor. Similar sensors ure used to tell | can be crammed onto drives. GMR also | mance. Fert’s first devices had a flaw: 
when car wheels stop turning and start | may enable memory chips to “remem- | “The initial material didn't look very 


great commercial ap- help better contral engines, /\ canes 17 teresting remember” evenwhen = ond it above a disk 
peal, because if the . Suspensions, brokes, ae information the power is drive, and each time a 
right metal sandwiches and soon, of currentones. turned off. bit of magnetically encad- 
are used, it can make them ~>--- a ase rae 7 <= °" ed data swirls by, the sand- 
more sensitive (diagram). That lets them ; GMR product, a sensor aimed at every- ; wich experiences a big change in resis- 
detect tiny external magnetic fields, an | thing from autos to hearing uids. tunce—which tells the computer to put 
ability that’s critical to lots of products. IBM and other disk-drive mukers. | the data on your screen. Even before | 
| 
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AMR, GMR/SPIN VALVE READ HEADS 
AND 


WRITE HEADS 


Edgar M. Williams 
READ-RITE CORPORATION 


Milpitas, California 


This short course discusses recording characteristics of AMR and 
GMR/Spin Valve reading heads and advanced writing heads for 
application in high data rate, high areal density disk drives. Design 
considerations and process variances will be discussed to develop an 
appreciation for device impact on disk drive SNR and reliability 
issues. The course content is developed for non-specialists in the 
recording industry and for professionals wanting to follow recording 
head technology developments over the next few years. 
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Track Width vs Areal Density 
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Log BER vs Signal/Noise(eff.) | 


0 5 10 15 20 25 
ONR (dB, effective) 


Read: Yeh & Wachenschwanz, Intermag (1997) 


Lorentzian Pulses: 


V(t) = Sootaiseeseeneermniente 5 
1+(2vi/PW0) | z- 


Infinite Sum of Alternating Polarity Lorentzians: 


Refs: R.Comstock and M. Williams, IEEE Trans. Mag., MAG-9, 342(1973). 
R.L. Smith, IEEE Trans. Mag., MAG-27, 4561 (1991). 
H. N. Bertram, IEEE Trans. Magn., MAG-31, 2573(1995). 


cosh’4 - | sinh A 


where A = 5 PW50- Density Isolated Pulse = 1.0 


Go+t? 
PW50 = —- +4(d+at+6/2) 


Amplitude vs Density 
(normalized: PW50 = 1.0) 
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Normalized Signal 
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Anisotropic MR (AMR) Layer with Soft Adjacent Layer (SAL) Biasing: 


j 
\ 
t 


y Am 
ff M- loops 
mM 
of M, 
Trilayer Resistance: 
Along 
- ction 
o 1 RRR, MW - direc seas 
” RRARRGRR, in 
ee” I" °3 2.73 — W- dicectior 
R= PurY R Pal P= P saiV 
MR spacer sal 


Film resistivity in (ohm-cm), thickness in (cm), width in (cm), stripe height in (cm). 


Current splitting among the films: 


BIAS FIELD AND FILM COUPLING 


Field Outside a Thin Conducting Layer: 


H = = [Oe, for Kamp), h(cm)] 


Ss 
9 d | 
* HL +H, 


(Hd = 150 Oe; Hk = 4 Oe) 


Coupling Equations for Unsaturated SAL and MR Layers 


Me H ote +H *(1-«) 
ise ot Sieg © SUDAN we tM nother 
MM 20H, 
sal MR sal 
M -H.a+H, +H, (1-«) 
? = sinO _, ~ J,(H,«) = | aie : - 
Ms” 20Hs 


(a much smaller than 1.0; terms in a” ignored.) 


Ref: N. Bertram, "Theory of Magnetic Recording," Chap. 7, Cambridge(1994). 


Saturation Behavior of Real Films is Gradual 


MR sal 
ep” tanh[f,(H.«)]; —— ~ tanh[f,(H,«)] 
M, M, 


Ref: S. Middlehoek, "Ferromagnetic Domains in Thin NiFe Films." 
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MR Bias With Saturated S 


Optimal MR bias at 9, = 45° with 0, = 90°. 


HS” 1 Hy"+ H;" (1 a a) 


Neil 
SMITH: ANALYSIS OF SELF-BIASED MAGNETORESISTIVE SENSOR 


Tree Trans. msg, MAG-23 254 (487). 
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Fig. 6. Computed. MR and SAL bias magnetization distributions as function of SAL/MR thickness ratio fo /t, for fixed J 


10? A/cm’ or J, = 0.03 A, L = 7.5 wm, g = 1000 A, and i= 400 A. Dotted, solid, and dashed | curves s correspond t to 
values fol! t, = 0.6, 0.8, and 1.0, ica al - = 


RefLs N.Dwith, THE Trans. wy. , MAG-27, 25% (1487). 
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Fig. 7. Computed MR and SAL bias magnetization distributions as func- Fig. 13. Computed MR magnetization distribution changes in response to 
tion of current density J, for fixed'thickness ratio f/f, = 0.8. L = 7.5 tape-media signal fields for sinewave recorded media (as previously con- 
um, g = 1000 A, and tr, = 400 A. Dotted, solid, and dashed curves sidered in Figs. 9-11) for selected wavelengths X as indicated. Shown 
correspond to values J, = 0.5, 1.0, and 2.0 X 10’ A/cm’, respectively. So 


are approximately maximum positive and negative excursions from bias 
‘distribution (dashed curve) for each wavelength; see text for further de- . 
tails. L = 7.5 um; other parameters as given in Figs. 8 and 9. 
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Efficiency of Shielded MR Sensor 
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MAGNETORESISTANCE EFFECT 


a cos’0,,,- 1-sin’@,,,.- 1-tanh’[f,(H,«)] - sech[f,(H,«)] 


TANT 
BOsZAG8 


MR Signal =~ Ey ,'Typ'AR‘sech’[f,(H,«)], 


Ap Ww 


bunt 


where AR = 


MR Transfer Curve MR Transfer Curve 


Bias (ma) 


tne 


. Vormal ly Le usetul rye Lov "linea 9 put © 
rs Abeut Fo0%-S0% o £ He full AE/, Trsker 


Curve. 


r ‘ Yos| ~ (WS 
v Ample Asymmetey = i | ‘y) Kl90 % 


° Desiyn are O+ (y-1s)% at Sixca bus Curr eh. 


Output(uv) 


Sheet] Chart 5 


ate 
OUw 


Output Signals 


Bias (ma) 


Page 1 


ASYMMETRY (PCT) 
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MR THICK = 150A 


! ASYMMETRY VS BIAS CURRENT TRILAYER SPACER = 100A 
FOR VARIOUS SAL THICKNESSES STRIPE HT =0.9um 
(RPS 96B) G(S-S) = .18 um 
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Sample Calculations for 1.5 Gb/sq.in. Case: 
If bpi/tpi = 18.0, then Areal Density = (18.0 tpi)x(tpi) 


and tpi = 9100; Kbpi = 164. 


Write Width (industry average) = 0.80/tpi = 88 microinches 
WW = 2.2 microns 
MR Width (industry average) = 0.830WW 


therefore MRW = W =1..8 microns. 


Trilayer Design: 


80/20 NiFe with AR/R = 0.02 


tan =20nm 


Caoees 12 nm 
t., =14nm 
= ].2 microns 


Estimate of Signal for SAL-Biased Shielded AMR Head 
A.D. = 1.5 Gb/sq. in. 
Read Width = 1.8 microns 
MR thickness = 20 nm 
Spacer = 12 nm 
SAL =14nm 
Stripe Height = 1.2 microns 
Tri-layer sheeet resistance = 10 ohms/square x 1.5 squares = 15 ohms 
AR/R (MR layer) = 0.02 or AR = 0.42 ohm 
ip/T, = 0.69; Mr current = 6.9 ma for total bias of 10 ma 


Shielded MR Sinise Efficiency = 0.48 
MR signal = E,yyp Typ AR sech’ [f,(H,a)] 
= §90 microvolts (p-p) at 27.3 Kbpi (30.8 Kfci) 
= 449 “ » 82.0 “ (82.0 Kfci) 
= 194 ‘ 7164 “ (184.5 Kfci) 


Maximum useful range of MR transfer curve is about 0.4 


at low densities (high input field strength from medium.) 


AMR HEADS AT 3.0 Gb/sq.in. 
Nominal Case (design center): 
MR Width = 1.2 um 
Stripe Height = 0.8 um 
tur = 12.0 nm 
t..= 8.6 nm 
OR/R = 0.02 
Bias = 7.0 ma (4.8 ma in MR layer) 


Jur = 5.0x10’ amp/cm’ 
Output Signal (130 Kfci) = 580 nV (p-p) 
: " (260 Kfci) = 240 nV (p-p) 
PW50 = 0.21 um 
"3-sigma" Case: 
MR Width = 1.1 um 
Stripe Height = 1.2 um 
tur = 13.2 nm 
Jur = 3.1x10’ amp/cm, 
Output Signal (130 Kfci) = 310 nV (p-p) 
" "(260 Kfci) = 110 nV (p-p) 


PWS50 = 0.25 um 


NOISE SOURCES: Johnson Noise of Heads and Preamps 
= /4k,-T-R-BW volt(rms) 


where k, = Boltzmann’s Constant 


T = temperature (K) of resistance 


BW = bandwidth (Hz) of circuit 


Sample Calculation: 


T = 300 K; BW = 70 MHZ; Ry = 30 23 Ryeamp = 15 Q 
e,(MR) = 5.9 uV(rms) or 0.71 nV/VHz 
e,(preamp) = 4.2 wV(rms) or 0.50 nV/VHz 


MR head and preamp are independent sources 

_ 2 2 _ 
e (MR+Preamp) = ¥5.9pV°+4.2uV% = 7.24 wVirms) 
MEDIUM NOISE: Transition Jitter 


Refs: Tarnopolsky and Pitts, #EB-07, 3M Conf. (1966) 
Xing and Bertram, #AB-08, INTERMAG (1997). 


Transition Noise = Vo. (volt,rms) 


2°B-PW50 
where V,=Iso-Pulse amplitude; o,=jitter (nm,rms); B=distance 


between transitions ("bit length. ") 


Sample Calculation: 400 nV amplitude; 30 A jitter; PW50 = 2500A 
B = 980 A (260 Kfci): 


e; = 9.6 uV (rms) 


NOISE DENSITY (nV/rt Hz) 
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HEAD ID =MR-4 
_ NOISE DENSITY VS FREQUENCY HEAD SER NO = NONE 
ID KBPI = 166.0 HEAD TYPE = 1.2 Gb/sq in MR 
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RESISTANCE (OHMS) = 24.80 
INDUCTANCE(nH) = 0,00 


DISKSERNO= _—CALIBDSK1_ 
DISK TYPE = 1.2 Gb/sq in MR 
DISK TYPE = 1.2 Gb/sq in MR 
ISOL PULSE ID TAA (uVpp) = 805,00 
ISOL PULSE ID PWS5O0(uIN) = 12.55 
DATA TAKEN "1/17/97" 
TOT MEDIA NOISE ID (uVRMS) = 13.75 


CALC JITTER ID (uIN) = 0.1072 
CALC JITTER ID (Angst) = 27.22 
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Signal-to-Noise Estimates: 
Nominal AMR Head at high current Density: 
Electronic + Medium Noise: 12.0 uV(tms) 
Isolated Pulse: 400 uV (0-p) 
Signal at 130 Kfci: 290 nV (0-p) or SNR = 27.7 dB 
" " 260 " : 120 nV (0-p) or SNR = 20.0 dB 


At lower current densities signal drops accordingly, so there 
is a motivation for transducers with improved signal output. 


SPIN VALVE/GMR Sensors!! 


Issues With Increased Sense/Bi rrent 


- Temperature Rise of MR Trilayer 


R 
i ee he. de Se 
me 1-o—_1?R 

1 


L = Thickness of gap material (element-shield) 
K, = Thermal conductivity of gap material [Al ,O, = 1.0 watt/(C-meter)] 
A = Area of heat dissipation [Stripe Height x (width of leads+trilayer)x2]| 


a = Temperature coefficient of trilayer sandwich (2.3 x 10° /‘C) 


Estimate of Temperature Rise/Watt: 


27 | O 
AT/Watt = —__29_™ = 6,670_© 
1.0 — 15-107? — 
—hy 


- Electromigration and Head Longevity: 


Black’s Equation 


E 
Lifetime « AJ “exp[—* 
if pl iT 


(Trilayer Resistance: variable ) 


Temperature Rise 


Temp. Rise (Celsius) 
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Fig. 5. Model predictions for the thermal resistance of heads as a 
function of MR stripe height compared to experimental data. 
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Fig. 4. Percent change in maximum temperature as thermal con- 
ductivities are varied from a standard head design. a 
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Dual Stripe MR Head 
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Track Profiles of MR1, MR2 and Dual-element 
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Approximate Formula a 


e R. Smith has shown that the PW50 for a SAL/MR head can be 
approximately expressed as follows: 


PW50 x JG" /2+4(at+d)at+d+8) 


e Following R. Smith’s method, one can prove that the PW50 for a . 
DSMR head can be approximately calculated by: 


PW50 x | (G? +(D+421t))/2+4(a+d\at+d+8) 
| | ve 
mn VA | 
facet: KK. du (therd um, Veet log es) ‘ Li | 
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DESIGN AND OPERATION OF SPIN VALVE SENSORS 


D. E. Heim 
IBM Storage Systems Division, 5600 Cottle Rd., San Jose, CA 95193 


R. E. Fontana, Jr., C. Tsang, V. S. Speriosu, B. A. Gurney, M. L. Williams 
IBM Research Division, Almaden Research Center, 650 Harry Rd., San Jose, CA 95120 
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Fig. 5. Experimental transfer curve for the 2 um high nano-layered 
spin valve sensor for +5 mA and -5 mA sense current. The solid lines 
are the computed transfer curves. 


AR _ pw < cos(0, — 05) > 


one R AR py W h ») (1) 


pinned layer 


f 
where AR/R = (Ry, - Ry)/Rry is the intrinsic Pee 30 — 


magnetoresistance of the spin valve as measured on infi- Fig. 1. Unshielded spin valve sensor. 
nite samples, and Ror! is the sheet resistance measured | in eset ee = 
the parallel magnetic state. W is the length of the sensor 

active region between the leads, and the notation <-> Lf emis oS 
denotes averaging over the sensor height, A. ae IS-ufy (KEQ 0 2 ein 


Rats, Dieny, Humbert, Speriosu, Meth, Gurney, Baumgatt, mol Le ta t's 
iia )? 4 y) 


Phys.Rev. B. 45 B06-813, Tan (1442). 


TABLE I. Characteristic MR parameter A and “active’’ lay- 
er thickness t 9 for three series of samples of structure 
glass/M (1)(t A)/Cu (22 A)/NiFe (50 A)/FeMn (80 A)/Cu (15 
A), with M(1)=Co, NiFe, or Ni. The third row lists the values 


Of Gres Par(1) Corresponding to the shunting by the rest of the 
Structure. 


Ferromagnet A (%) to(A) G acpi) 
Co 14.5 72 65 
NigoF es 9.6 72 85 


Ni oe 85 65 


AR/R (%) 


0) 100 200 300 400 
Thickness (A) 


FIG. 9. Variation of the magnetoresistance versus the thick- 
ness of the “free” ferromagnetic layer M(1), with M(1)=Co, 
NiFe, or Ni, at room temperature. The lines are two-parameter 
fitsa’ ‘ding to Eq. (7) | 
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Signal Estimates for Spin Valve/GMR Sensors: 


Signal = IAR = I 


. W <COs(u,-0,)> 
Sy a 


AR 
PR , 
Useful range of transfer curve is about +/- 0.5, or about half of the 


total (+/- 1.0). This preserves signal linearity, reduces amplitude 
asymmetry, and pulse broadening (second harmonic distortion.) 


Sample calculation (unshielded SPV): 
I=5 ma; AR/R = 0.06; R, = 15 ohms/square; W/h = 1.5 
Signal = 3.38 mV (0-p) 


Shielding reduces the amplitude by roughly 50% relative to the 
above number; this arises from flux leakage out of the SPV 
structure to the shields. That is, the effective AR (averaged over | 
the stripe height) is more nearly equal to 3%. Thus, the signal in 
a Shielded SPV/GMR head would be closer to 1.2 mV (0-p). 


Resistance of Spin Valve Sensors is comparable to AMR sensors, 
thus electrical noise is about the same. Connection metallurgy and 
design may cause greater device resistance (increased electrical 
noise), but overall SNR is significantly improved (about7+dB). 
This is the gateway to higher areal densities. 


Bevond Spin Valves: Multilayer GMR an in Tunneling Devices 


Multilayer GMR Sensors: AR/R greater than 10% 
- May extend head technolgy beyond 10 Gb/sq.in. 
- Significant process control issues (track width, etc.) 
- Cip vs Cpp modes (signal vs track width control) 
Spin-Dependent Tunneling (SDT) Devices: 
- Very high resistances (10K-100K ohms) today 
- RC time constant (bandwidth) issues to overcome 


Data Rate vs Areal Density 
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Cell Time vs Areal Density 
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Write Field Risetime Improvements 


- Reduce write head inductance 
- Short yoke length 
- narrow yoke width 
- reduce number of turns 


- reduce head capacitance 


- Reduce eddy current damping in head yoke 
- laminate yoke with insulating spacers 
- increase resistivity of yoke material 
- reduce magnetic permeability 
- reduce thickness of magnetic layers 
For step-input of applied field (H,), flux density (B) response is 


i 
rane erento 


B 8 3 sin*(nt/2) 
a 7c 1 n° 


exp(-n?+) 
io 


where T = 


10 71 P2 | 
a P(cm); p (ohm-cm) 
TO | 


Ref: Bozorth “Ferromagnetism,” 784f, Van Nostrand (1951). 
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B/H vs Time 
(Time Constant = 2.0 nsec) 
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MODEL: 


WRITING FIELD IN MEDIA IS SEPARATED INTO 


(xy, t) = Ho(t) h(x-vt, y) a) 


SPATIAL COORDINATE SYSTEM IS ATTACHED TO THE HEAD 


KARLQUSIT HEAD FIELD APPROXIMATION FOR h{x-vt, y 1S USED TO SOLVE FOR 
LOCATION x(H) AS A FUNCTION OF TIME | 


g . 2 BY 
X=—Vi + (%) a ( 
* tan(zH/H,(t)) ‘ 


g REPRESENTS THE WRITING HEAD GAP, 
y HEAD-MEDIA SEPARATION 


Ho(t) FIELD AT GAP CENTERLINE 


ASSUME HYPERBOLIC TANGENT FORM FOR Ho(t) 
H(t) = H(0)+ (Hay ~ H(0)) tanh( /) 6) 


CONVERT FROM 10-90% RISETIME T, TO OBTAIN T 


c=T./(tanh”09-tanh*01) © 4) 


IAs Dp. Mya m belli 


Normalized field 


Fig. 2. Location of H=Hcr in the medium as a function of time according to Eq.(2). 
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Fig.3. Calculated Transition parameters for 3000, 4000 and 5000 RPM. 


Mr 680 emu/lcc, a) Cro alge Hc 1900 Oe, So 0.85. 
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Fig.4. Calculated variation of PW50 for the cases shown in FIG. 3: 
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Transition Parzmeter and Dependence on Head/Medium Properties 


Ref: N. on ae of Magnetic Recording," Chap. 8 
MCR 
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Williams-Comstock Theory for Transition Parameter 
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- Read Head Signal (LF, MF, HF) 


- Pulsewidth @50% (PW50) 

- Amplitude Resolution (HF/LF, HF/MF, MF/LF) _ 

- Amplitude Asymmetry of Read Output 

- Amplitude Coefficient of Variation (ACOV) 

- Offtrack-induced Amplitude Variation (Side-COV or SCOV) 
- Overwrite (OW) 

- Non-linear Transition Shift (NLTS) 

- Error Rate vs Threshold (Sequenced Amplitude Margin) 

- Pos. and Neg. Amplitude vs Bias Current (Bias Curves) 

- Error Rate vs Offtrack Position (Bathtub Curve) 

- Offtrack Capability vs Adjacent Track Pitch (“747" Curve) 
- Read Signal Properties vs Write Current (Saturation Curves) 


- Read Amplitude vs Offtrack Position (Track Amplitude Profile) 


